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ABSTRACT

Fixed- and moving-base flight simulator experiments and analyses were
conducted to provide data for use in substantiating, refining and extending
the hovering and low-speed-flight portion of MIL-F-83300 - v/sTOL Flying
qualities Specification. For longitudinal and lateral control, the follow-
ing areas were investigated: turbulence intensity, control lags and delays,
control-moment limits, control moments through stored energy, inter-axis
motion coupling, independent thrust-vector control and rate-command/attitude-
hold control. For height and directional control, the effects of damping
levels, control lags and delays, and control power limits were investigated.
Opinion ratings, pilot comments, and pilot-selected control sensitivities
were recorded in the flight simulator experiments; contro-power-usage data
were also obtained.

The results indicate that the MIL-F-83300 Level 1 requirement for V/STOL
dynamic response provides aircraft dynamics which remaJn *-itrollable for
nominal increases in gust intensity. The specification appears to generally

exclude pitch and roll control lags, and lags in thrust response, which cause
unsatisfactory flying qualities; it admits lags for which pilot opinion does
not deteriorate. However, it also excludes directional control lags which do
not degrade opinion. The results t irther indicate that the specification for
installed control moments provides levels which are satisfactory but jnot

excessive. Control sensitivities selected by the pilots also generally fall
within the boundaries specified, but are much closer to the lower limit than
to the upper. Finally, data from the height control study show that minimum
Z. levels of -0.25 to -0.35 are necessary for satisfactory flying qualities
with unlimited T/W.

Results for unconventional control techniques evaluated indicate that
rotor-propulsion system stored energy can be used to offset limitations in
installed control power. Independent thrust-vector control can be used for
hovering and maneuvering when properly implemented. Rate-command/attitude-
hold control does not appear to provide benefits for hover and low-speed
flight.

The exceedance data show that speed stability and damping are the
configuration parameters having the greatest effects on control power usage.
Control system lags have little effect on pitch and roll control-moment
usage, but they increase yaw control-moment and thrust usage somewhat. The
largest amounts of control moment were used for the quick stop task; the
smallest amoun s were used for haver and turn-over-a-spot. The data indi-
cate that the installed total moment for pitch plus roll control must be
sufficient to account for simultaneous usage by the pilot; it cannot be
assumed that pilots make independent pitch and roll control inputs.
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SYMBOI.S

Bc1-Bc6 Basic V/STOL aircraft configurations 1 thrcigh 6
(see Tale I)

CI,2,C3  Coefficients ased in nonlinear representation for control
moments avd .lable through rotor-propulsion system Etoi ed
energy (sea Eq. (1))

CmM Maximum pitch, roll and yaw moments available for control,
rad/sec2

C4SE General notation for control moments available through
stored energy, rad/sec

2

CAverage pitch, roll and -yaw control moments exceeded
5-percent of the time with vnlimited moments available,
rad/sec

2

deda Time delays in pitch and roll response, respectively, to
control inputs, sec

dn Time delay in thrust response to collective conhrol input

g GraviT-ttional constant, 32.2 ft/sec2

HOV Designates hover subtask

IxIyI z  Moments of inertia in roll, pitch and yaw, slug-ft 2

SvCT

LC  Roll control moment commanded by pilot and SAS divided
by Ix, rad/sec

2

Lem Maximum available Le, rad/sec2

LCo Reference value of Lc, rad/sec2

Lco Averaged Lco, rad/sec
2

Lp Roll rate damping divided by Ix, per sec

Lq Rollir mament due to pitch rate divided by Ix, per sec
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SBOLS (Cont' d)

L7g Lateral s~red-stability parameter divided by Ix, per sec3

Laa lateral control sensitivity divided by Ix, (rad/sec2)/in.

Le Rol-ling moment due to longitudinal control stick input,
(rad/sec2 )/in.

L Roll attitude stabilization divided by Ix, per sec2

m Aircraft mass, slugs

MAN Designtes entire maneuvering subtask, i.e., motion in
both the x and y directions

Mc Pitch control moment comnanded by pilot and SAS divided
by Ir, rad/sec

2

AMc Increment to pitch control moment available through rotor-

propulsion system stored energy, xad/sec
2

Mcm Maximum available Mc, rad/sec2

Mco Reference value of Mc, rad/sec
2

Mco  Averaged Mco, rad/sec2

Pitch control-moment level exceeded 5-percent of the time
with unlimited moment available divided by 1Y, rad/sec2

mo Pitching moment due to roll rate divided by IY, per sec

Mq Pitch rate damping divided by ly, per sec

ATS Commanded rate-of-chenge of pitch control moment for thumb
switch input, (rad/seo'2)/sec

Mug Longitudinal speed-stability parameter divided by Iy,
per sec

3

Y~a Pitching moment due to lateral control stick input,(rad/sec2 )/in.

M~e Longitudinal control sensitivity divided by ] ., (rad/sec/in.

xvii



SYMBOLS (Cont' d)

MO Pitch attitude stabilization divided by Iy, per sea2

Nc Yaw control moment commanded by pilot and SAS divided
by Iz, rad/sec2

Yaw control-moment level exceeded 5-percent of the time
with unlimited moment available divided by Iz, rad/sec2

Ncm Maxim=m available Ne, rad/sec2

Nr Yaw rate damping divided by Iz, per sec

Nv Yaw-due-to-lateral-velocity parameter divided by Iz,

rad/(ft-sec)

'Sr Yaw control sensitivity divided by Iz, (rad/sec)/in.

PR Pilot opinion rating based on Harper-Cc..er scale

APR Degradation in pilot rating

PLL Percent time commanded roll moment oxceeded installed roll
control moment, percent

PML Percent time commanded pitch moment exceeded installed
pitch control moment, percent

PNL Percent time commanded yaw moment exceeded installed
yaw control moment, percent

PSL Percent time simultaneous pitch aid roll moment commands
exceeded the sum of the installed pitch and roll control
moments, percent

PTL Pe cent time commanded thrust exceeded installed thrust,
percent

Designates entire quick-stop subtask, i.e., motion in both
x and y directions

s Laplace operator, i/P,

SAS Stability augmentation systtn

SigVg Power spectrum of longitudinal and lateral turbulence
components, respectively, ft2/sec

)Cviii



SYMBOLS (Cont'd)

t x ,t. , m Time interval following control input for pitch, roll
Smxand yaw, respectively, within which M.IL-F-83300 (para-

graph 3.2.4, Ref. 1) stipulates that maximum initial
angular acceleration shall occur, 0.3 sec

TS Thumb-.'witch thrttsi -rotation command, 0 or ±1 (+l is aft)

TU Designates ±180 deg turn subtask

TAT Thrust-to-weight ratio

(T/W-l) 5  Five-percent incremental T/W usage level, g's

AT/W Increment to thrust-to-weight ratio, g's

UL Notation for effectively unlimited control moment or

thrust level

UM Msm wind from the north (000 deg true), 10 kts

x Conventional longitudinal axis notation in the bcdy-axis
system, ft

XM Detignates x-direction part of the maneuver subtask

XQS Designates x-dirsction part of the quick-stop subtask

Xu  Longitudinal dra , parameter divided by m, per sec

y Conventional lateral-axis notation in the body-axis
system, ft

YM Designates y-drection part of the maneuver subtask

YQS Designates y-direction part of the quick-stop subiask

YPh Pilot model transfer function for height control loop

YpO Pilot model transfer function for pitch control loop

Yp* Pilot model transfer function for yaw control loop

YLateral drag parameter divided by m, per sec

Zw  Height velocity damping divided by m, per c

xiX



SYMBOLS (Cont'd)

Zwa,ZwsZWT Notation for aerodynamic, stability ab'mentation system

and total Zw, respectively, per sec

Zsc Height control sensitivity divided by m, (ft/sec2yin.

VThrust-vector-rotation rate, deg/sec

Thrust-vector angle per inch of control input, deg/in.

8C Collective control displacement, in.

Damping ratio of oscillatory roots

ta,4e Damping ratios of second-order lags in roll and pitcb
response to control inputs, respectively

6Euler pitch attitude angle, rad

%Ug MS longitudinal turbulence, ft/sec

rVg P1MS lateral turbulence, ft/sec

7a, Te Time constant for first-order lag in roll and pitch control
response, respectively, sec

iTh Time constant for first-order lag in thrust response to

collective control input, sec

TA  Time constant for decay of ,ncremental control power

available thrc.ugh stored energy, sec

'TO Time constant for first-order lag in yaw response to
pedal input, sec

Euler roll attitude angle, rad

Euler yaw attitude angle, rad

cOd Damped frequency of tne aircrafb attitude (pitch or roll)
oscillatory roots, rad/sec

Wn Natural frequency of the aircraft attitude (pitch or roll)
oscillatory roots, rad/sec

ona&~ne Natural frequencies of second-order lag in roll and pitch

response to control inputs, respectively, rad/sec

xx



SECTION I

INTRODUCTION

A specification for V/STOL aircraft flying qualities, MIILF-83300, has
recently been developed under Air Force sponsorship (Ref. 1). It is lased
on the results of an extensive evaluation of previous V/STOL flying quali-

ties studies as well as the findings of recent experimental and analytical
research funded by the Air Force. Most of the latter was conducted as part
of tne VTOL Integrated Flight Control System (VIFCS) program. The specifi-
cation and its supporting documentation provide guidance in the design of
V/STO. aircraft control systems as well as a standard for flying qualities.
They also are the culmination of research which represents a major advance
in the understanding of V/STOL flight characteristas..

Additional research is required, however, in the V/STOL hover and low-
speed flight regime. In particular, general information is needed on
requirements for installed control power, i.e., control moments and thrust-
to-weight ratio. Providing appropriate levels of control power for hover
and low-speed flight is a critical part of the design of V/STOL aircraft.
Despite its importance, there are little general data available which relate
flying qualities to installed control power (Refs. 2 through 4). A related
factor which has received almost no attention is the incremental control
moment or thrust which can be obtained from rotor-propulsion sy stem stored
eneagy. By temporarily converting a part of the rotor-propulsion system
angular momentum to control power, it is possible to supplement the "Aa-
s talled control powers. Other general areas which should be investigated
fuither are control lags and delays and inter-axis motion coupling. Motion
coupling-in particular has not been given adequate attention. Control and

rate coupling, for example, exist to some degree in alhost all V/STOL air-
craft and their effects can :,ad to a significant degradation in flying
qualities. In general, howeva, the specification treats motion coupling

only qualitatively.

An uncertainty also exists over the level of height velocity damping,
7_, needed for satisfactory heLght control characteristics. MIIF-83300

indicates that height contro. will be satisfactory providing that Z, is not
positive, i.e., not destabilizing. Results which support this contention
can be found (Ref. 5), but data which indicate a requirement for a signifi-
cant level of negative Z. are also available (Refs. 6 and 7). The height
control. portion of the specification also assumes that a tradeoff exists
between the level of height velocity damping present in the aircraft and
the required installed thrust-to-weight ratio. Alth. gn there are results
which support this assumption, it merits further substantiation. Finally,
MIL-F-83300 would be more useful if its scope could be extended to encompass



some unconventional V/STOL control systems. The specifications my already
apply to many aspects of hover and low-speed flight with such systems.
However, its limitations in this regard are not known and it would be bene-
ficial to examine V/STOL flying qualities with several unconventional systems
that might be used on future aircraft. Examples of these types of systems
are rate-command/attitude-hold or "stick steering" control and thrust-
vector control independent of aircraft attitude.

The study described in this report provides additional information on
the hovering and low-speed flying qualities of V/STOL aircraft. The objec-
tive of the program was to provide experimental flight simulator data and
analyses which will be used to substantiate, refine, and extend the hovering
and low-speed flig!ht ortion of the V/STOL Flying Qalities Specification.
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SECTION II

BACKGROUND OF EXPERIMENTAL PROGRAM

This section contains a description of the studies conducted Asing the
UAC V/STOL Flight Simulator and a discussion of the equipment and procedures
used in the experimental program. Most of the equipment and many of the
procedures used for the experimental studies were similar to those described
in Refs. 7 and 8. Also, the flight simulation for this study was designed
to correspond as closely as possible to that implemented at Norair for their
previous VIFCS study (Ref. 9). Table A-I is a sumTwxy of parameters for
cases evaluated and a key to tables in Appendices A, B, C and D that are
tabulations of all the data discussed in Sections III through V. Additional

details of the flight simulation are contained in Appendix F.

A. Flight Simulator Srudies

The experimental piogram was designed to provide data to substantiate,
refine and extend the hovering and low-speed flight portion of the V/STOL
Flying Qualities Specification. It included studies of longitudinal and
lateral flying qualities, height control and directional control. 1nphasis
was placed on obtaining information related to requirements for installed
control power. The data obtained generally consisted of pilot opinion

ratings, pilot-selected control sensitivities end measured control moment
and/or thrust usage.

1. Longitudinal and lateral Control

There were seven different investigations conducted in this part of the
program. They were concerned with the effects of (1) turbulence intensity,
(2) lags and delays in the response to control inputs, (3) limits on the
available control moments, (4) incremental pitch control momeat through

stored energy, (5) inter-axis motion coupling, (6) thrust-vector control

independent of aircraft attitude, and (7) rate-command/attitude-hold con-
trol. Six basic V/STOL configurations were selected. A range of values of
the parameter being considered was then evaluated for each basic configura-
tion. Also, longitudinal and lateral control were generally evaluated
together; only one pilot opinion rating was given for a test case, and this
represented the pilot's assessment of the combined longitudinal and lateral
flying qualities. In a~dJtion, control moments were effectively "unlimited"
and pitch, roll and yaw ,._rtrol-moment usage was measured for each study,
unless noted otherwise.



a. Basic Configurations

The six. basic configurations had conventional rate and attitude sta-
bility augmentation, and each was similar to configurations evaluated in
the previous Norair and UARL studies (Refs. 7 through 9). They also were
symmetrical in that each lateral stability derivative had the same value as
the corresponding longitudinal derivative. The directional and vertical
stability derivatives were the same for all six configurations. Table I
lists their stability derivatives and root locations; roots are also plotted

in Fig. 1. It is apparent that the basic configurations span a wide range
of dynamic response characteristics. They encompass all three of the levels
(1, 2 and 3)* used to characterize aircraft flying qualities in MIL-F-83300,
in addition to exhibiting a range of responses to turbulence.

TABLE I

STABILITY DERIVATIVnES AND ROOT LOCATIONS FOR UARL BASIC CONFIGURATIONS

1,2
Stability Derivatives Root Locations

Conf. Level - M- R

Root

BCl 1 0.33 -0.05 -1.7 -4.2 -0.13 -o.81.- j 1.85

B02 2 1.0 -0.05 -1.1 -2.5 -0.5 -o.30 - j 1.47

BC3 3 1.0 -0.05 -2.0 0 -2.2 0.08 - j 0.68

BC4 1 1.0 -0.20 -3.0 -1.7 -2.5 -0.35 z j o.64

BC5 1 0.33 -0.20 -1.7 -f.2 -0.29 -0.81 - j 1.85

BC6 2 1.0 - -0.20 -1.1 -2.5 -0.65 -0.32 ' j 1. 48

1. Symmetrical configurations - latera] derivative has same value as
corresponding longitudinal derivatives.

2. Directional derivatives for all configurations: Nv = 0.002, Nr = -1,
N6r = 0.20; Vertical derivatives: Z. = -1, Zdc = -3.2, T/W > 1.15.

*Level I flying qualities are "clearly adequate for the mission"; Level 3

are such that the "aircra±ft can be controlled safely but pilot workload is
excessive or mission effectiveness is inadequate, or both"; and Level 2
flying qualities lie between these extremes.

4



Configurations BC1, BC4 and BC5 are Level 1, but BC4 exhibits a larger
attitude response to turbulence (Mug = -Lvg = 1.0) than BC and BC5
(14g = -Lvg = 0.33). Also, BC4 and BC5 have greater position responses
to turbulence than BCI (Xu = Yv = -0.20 versus Xu = Yv = -0.05). Configura-
tions BC2 and BC6 are Level 2 with large speed-stability parameters. This
feature, combined with the lower levels of damping, results in significant
attitude disturbances due to gusts. Configuration BC6 also has the large
drag parameters and the attendant large position responses to turbulence.
Finally, configuration BC3 is Level 3 with lightly damped dynamics, large
speed-stability parameters (Mug = -Lvg = 1.0), and large attitude distur-
bances from turbulence. It is important to note also that all of the rate
damping and Attitude stabilization represented by these derivatives in
Table I (i.e., Mq, MO and their lateral, vertical and directional counter-
parts) was assumed to be provided by a stability augmentation system (SAS).

b. Turbulence Intensity

This study was conducted to provide information on the sensitivity of
aircraft with different level flying qualities to changes in turbulence
intensity and to obtain control-moment usage data. The flying qualities of
Level 1 aircraft should be somewhat insensitive to gust level. That is, the
MIL-F-83300 definition for V/STOL Level 1 dynamic response must be formulated
such that flying qualities rewin acceptable for commonly encountered turbu-
lence intensities. Greater deterioration in flying qualities would be ex-
pected for Level 2 and 3 aircraft. Each of the six basic configurations
was evaluated at three levels of rms longitudinal and lateral turbulence
intensity, au = Tvg = 3.4, 5.8 and 8.2 ft/sec. The wind simulation also
included a mean wind Um = 10 kt (17 ft/sec) from the north. Note that
only for this study were rms turbulence intensities other than aug = av
3.4 ft/sec evaluated. For the rest of the program the wind simulation §on-
sisted of ou = Gv = 3.4 ft/sec and Um = 10 kt. Details of the wind simu-
lation are dscribgd in Section II.B.l.

c. Lags and Delays in Attitude Response to Control Inputs

Pitch and roll control lags and delays were evaluated to test the
adequacy of the MIL-F-83300 specification for such effects (paragraph 3.2.4,
Ref. 1). These lags and delays only operated on the pilot's control stick
inputs, i.e., the stability augmentation system (SAS) commands were not
affected. The location of the lags and delays in the pitch attitude control
loop is shown schetIAlly in Sketch II-A. The implementation was identi-
cal for.the roll loop. In the specification pitch, roll or yaw lags and
delays are presumed to be within acceptable limits if the time to reach the
initial maximm angular acceleration is no greater than 0.3 sec. To span
this requirement with both acceptable and unacceptable values, first-order
lags having tme constants of 0.1, 0.3 and 0.6 Rcc were evaluated for each
basic configuration. Also, the longitudinal and lateral lags were always
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Desired Delay, Pitch
Pitch Pitch - Contro I Comand Pitch

AIftitu e Error Pilo Input +lAifrme Atitd

[_J Stability
IAugmentation

SKETCH II-A. Location of Lags and/or Delays Simulated
in Pitch Response to Control Inputs

equal (re = ra) for a given test case. In addition, pitch and roll moment
delays, de = da, of 0.1 sec were evaluated with and without a combined first-
order lag of Te = T a = 0.3 sec. Configurations BCI and BC2 were used for
these test cases. The effects of second-order control lags were also inves-
tigated with configuration BC1 to further test the specification. The signi-
ficance of amplitude versus phase effects was examined by varying the damping
ratio and natural frequency of the second-order lags.

d. Limits on Available Control Moments

The purpose of the control-moment-limit study was to investigate the
effects of aircraft configuration and control system parameters on the total
control moments (i.e., moments commanded by the pilot and the rate damping
and attitude stabilization derivatives or SAS) necessary for pilot accep-
tance. Another objective was to examine whether these required installed
control moments correlate with the control moment levels exceeded some given
small percent of the time with unlimited moment available, e.g., the 5-per-
cent level. Information on the adequacy of the MIL-F.-83300 specification
for pitch, roll and yaw control power (paragraph 3.2.3.1) was also provided
by comparing it with the results of this study.

Configurations BC1, BC4, BC5 and BC6 were considered initially without
control lags or delays. Three to five levels of available total control
moment were evaluated for each configuration, and pilot opinion ratings
were used to indicate the sufficiency of the levels. Pilots were not aware
of the control-moment limits except as they affected flying qualities. The
moment limits were applied on an analog computer, not to the physical con-
trol stick motion and the maximum control travels available were such that
the limits would always be exceeded if the maximum travels were used. The
control moment versus moment command characteristics simulated in the moment

6
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limit study for pitch, roll and yaw control are shon in Sketch II-B. Note

that the moments available in the pitch, roll or yaw axes were never identi-

cal. The reference limits or starting points for the installed control-

moment levels (pitch, roll and yaw) were averages of those levels exceeded

5 percent of the time (CM5) with unlimited moment available. The limits

for the remaining test cases were developed by increasing (or decreasing)

the reference levels by integral multiples of 10 percent.

Control
Moment

Maximum
Moment

Available

Total Moment

Command

/I

SKITCH Il.-B. Pitch, Roll or Yaw Control Moment Versus

Total Control-Moment Command Character-
istics for the Moment Limit Study

The effects of control-moment limits were next evaluated with control

system lags and delays present. Configurations BC1 and BC5 were used with

pitch and roll response delays of de = da = 0.1 sec in combination with

first-order lags of either Te = Ta = 0.3 sec or 0.6 sec. The moment limits

evaluated and the procedures for this investigation were unchanged from

those for no control lags or delays.

e. Control Moments Through Stored Energy

Several types of V/STOL aircraft derive pitch and roll control moments

from cyclic and/or collective changes of rotor system blade angles. Momen-

tary incremental control moments above the installed moment levels can be

obtained for such systems by abruptly increasing blade angles to values
larger than the normal operating limit. Of course, the aircraft's power-
plant will be unable to maintain engine rpm at this large blade angle, and

rpm will decay. However, the brief increase in moment may be sufficient
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to compensate for deficiencies in the installed control moments. This study
was undertaken to examine whether the stored energy in typical V/STOL rotor-
propulsion systems could be used to such advantage.

P.'eliminary analyses indicate that it may be possible to approximate
the control moments available frc.n store,! energy, 0 1'E , by

d(rpm) 2

3dt +01, (rpm) =0C2

(1)

CME = C3 ()2

where coefficient Cl is related to the blade drag, C2 to the available engine
horsepower, and C3 to the blade lift coefficient. Also, coefficients Cl and
03 both change when the pilot moves his control stick. For this study,
stored energy effects were simulated for pitch control moments only and a
linearized version of Eq. (1) wab used to represent stored energy (Eq. (2)).

d d
'A T (CME) + C1E = TA T (ICommanded MomentI - Mm) (2)

In Eq. (2) the parameter 7 is the time constant associated with the stored
energy decay and Mcm is the steady-state or installed control moment. Also,
the maximum control moment increment available from stored energy is defined
as AP6 and the function (I Commanded Moment I - Mcm) in Eq. (2) cannot Ue
larger than Ab c . In addition, the stored energy increment was available for
both positive and negative control commands as indicated in Eq. (2). The

pitch control-moment step response for the stored energy study is shown in

Sketch II-C. The moment response shownt there is similar to the maximum pitch
control moment the pilot and/or SAS could command if a large, rapid control
input was made and sustained. The total moment available, then, consisted
of a continuously available installed moment, MCm, plus a transient term

which was excited if the magnitude of the total command exceeded Mcm. The
transient gave an abrupt increase related to the I Commanded Moment -bMc m

(up to the maximum increment of Ac) that decayed with time constant T. .

Mcm and AMc are considered to be positive functions in this discussion. The
increment from stored energy could be used at any time, but after it decayed
the pilot (and/or SAS) had to reduce the commanded moment and wait until the
stored energy simulation recovered (the recovery time constant was also r ).
This effectively simulated the time it would take a propulsion system to
restore rotor rpm. A logic diagram illustrating the stored-energy simulation
is shown in Sketch II-D. Representative values for the increment and the
rpm decay (and recovery) time were determined from an analysis of the XC-142
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I
Magnitude of
Maximum Steady-State

Moment Available, 1m

Magnitude of
the Total Pitch = M AM + M e-t/T
Control Moment,

Time Following Large,
Step Control Input

SKETCH II-C. Step-Response Characteristics of the
Simulation of Incremental Control
Moment Available Through Stored Energy

i TCMI 0 m , 1~c = ITCMI

> o0 kLm, + &% e A
Magnitude of I TCMI - 1c > 0

Total Coumanded----a Compaator m 4 Comparator

Moment (ITCMI ) 1M<0 I.1ol '% + (ITcMI- =)-/

MCm C"

SKI'±CZI 7 .D. Schematic Showing Switching Logic for Stored
Energy Simulation

propulsion system. It appears that a moment increment of 30 percent of the

installed moment is possible with associated decay time constants ofr =

0.05 and 0.10 sec. Values forr,, of as much as 0.2 sec may be possible for
helicopters because of the greater rotor-system inertia.

The effects on flying qualities of pitching moment available through
stored energy were investigated with the same basic configurations considered
in the control-moment limit study, i.e., BC1, BC4, BC5 and DC6. The install-
ed pitch control moment, Mcm , for each configuration was set at a low level
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which yielded unsatisfactory pilot ratings without stored energy effects.
All other installed control moments were set at satisfactory levels. The

effects of the incremental pitch control moments supplied by stored energy
were then evaluated for different combinations of AMc and T. Pilot ratings
were used to assass the effects of stored energy. As for the study of
control-moment limits, the pilots were not aware of the limits on pitch
control powex except through aircraft flying qualities. Ccntrol-moment data
were not measured during the stored energy investigation.

f. Inter-Axis Motion Coupling

This study was performed to determine acceptable values of attitude rate
coupling % and n) control coupling (M6a and L6e). An analysis was
conducted initially to determine appropriate polarities and magnitudes for
these parameters. The sign convention used for the attitude rate coupling
(M§ positive and Ll negative) was derived from a simple analysis of hinge-
less-rotor aerodynamics. When the rotor tip-path-plane shown in Sketch Il-E

x-axis

B

-- A -axis

DI

SKETCH II-E. Top View of Rotor Tip Path Plane

undergoes pitch rates, one effect gives rise to net rolling moments. For
example, if pitch attitude is increased by a positive pitch rate, the

angle of attack of a blade in arc DAB will also increase, while that in
arc BCD will. decrease, causing a negative rolling moment (Iq negative).
Similarly, a positive roll rate (increase in roll attitude) results in a

positive pitching moment (1 positive). Data in Ref. 10 indicate that rate
coupling levels ranging from M = 0.3, Iq = -2.7 to bp = 1.5, Lq = -14 can
be present in uncompensated helicopter control syst-es, depending on rotor

design.

The sign convention for control coupling can also be interpreted by
reference to Sketch II-E. The maximun control moment for an articulated
(hinged) rotor os curs when the blade has moved an additional 90 deg after
a blade-angle (cyclic) change, i.e., the maximum pitching moment occurs at

point B if the blade angle is changed at A. For a hingeless rotor the
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muximum moment occurs after a smaller phase lag, e.g., somewhere in the
arc AB for a blade angle change at A. Therefore, a positive pitch control
input gives rise to a negative roll moment (Lde< 0) and a positive roll
control command results in a positive pitch moment (a >0)- It should be
noted that, with the sign conventions described, the, effects of att"itude
rate and control coupling are additive. For example, a positive pitch con-
trol input yields a pcsitive pitch rate and, since both L. and L6e are nega-
tive, the induced rolling mozentz from both sources are negative. However,
in the flight sirnuator evaluation of coupling effects, coefficients having
signs which resulted in cancelling moments (Lq<0, L6e>0 and Mp0, M6a< 0)
were also evaluated.

Configurations BM1 and BC2 were considered in this study with rate
coupling levels of = -Lq = 2 and 4 and control coupling up to MNJL6a

4e/Ne = 0.50. The different types of coupling were evaluated separately
and in combination.

g. Thrust-Vector Control Independent of Aircraft Attitude

Independent thrust-vector control (ffVC) enables the pilot to maneuver
aircraft having large drag parameters without large attitude changes. Also,
with ITVC, large aircraft can be maneuvered near the ground with a reduced
probability of tail strikes (and wing strikes, if lateral ITVC is also
available). Only longitudinal ITVC was investigated in this study and it
was implemented in two ways. In the first approach the longitudinal thrust
vector was rotated using a thumb switch which commanded a constant rate of
rotation. Pitch attitude was controlled using the conventional control stick.
This technique for thrust-vector control was identical to the implementation
of the wing tilt (or thrust-vector) control which was used by the evaluation
pilots to trim the effects of mean wind acting through the longitudinal drag
parameter. The wing tilt capability was available for all test cases eval-
uated in the UARL study. However, only for the ITVC study was the pilot
permitted to use this device for general position control. The second neth±t
of implementation involved proportional control of the thrust-vector angle
using the rcontrol stick while pitch attitude was controlled with the thumb
switch. The thumb switch commanded a fixed rate-of-change of pitching
moment (kS). In general, the thrust-vector angle was displayed on the con-
tact analog display with a symbol that moved vertically. Thrust-vector
angle was also displayed on the instrument panel. For some of the experi-
ments only the instrument panel display was used. Two Level 1 configurations
(BC1 and BC4) and a Level 2 configuration (BC2) were used in the ITVC study.
These configurations provide a range of position response characteristics
with which to test ITVC. Configurations BC1 and BC2 have low drag param-
eters (Xu = Yv = -0.05) and, consequently, low position stability and low
position response to turbulence. Configuration BC4 has large drag param-

eters which give it greater position stability but also larger gust-induced
position disturbances. Attitude control moments were unlimited for this
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study and the thrust-vector angle could be rotated through ±90 deg. Pitch

and roll control-moment usage and thrust-vector angle were measured in the

ITVC study.

h. Rat e-Comnd/Attitude-Hold Control

The rate-command/attitude-hold or "stick steering" control system has

two significant attributes. First, it will hold trim attitudes while allow-
ing the pilot to center the stick and, second, it provides a rate-comand
control response for higher frequency control motions. A representative
attitude transfer function (pitch) for such a system is given by Eq. (3):

0(s) NMe (3)
e s(s 2 + 24 + 2)

This transfer function can be obtained for a rate and attitude stabilized
V/STOL aircraft by integrating the control stick input to the attitude con-
trol system. This is the feature which enables the pilot to hold trim atti-
tude with no steady-state control input. The attitude stabilization must
then be increased to values which drive the real root of the attitude dynam-
ics, i.e., the real root of the hovering cubic, towards zero, where it will
be cancelled by the first-order zero relaed to drag parameter. If the
natural frequency of the quadratic term in Eq. (3) is then sufficiently
large, the transfer function 8/ae at and below the pilot's crossover fre-
quency (W)c 2.5 to 3.5 rad/sec, Ref. 8) will effectively be

0 -M e/S (N

Hoever, the dynamics still retain the attitude stabilization features. The
lead compensation that must be supplied by the pilot for pitch and roll con-
trol and, consequently, the longitudinal flying qualities of this control
system, are very dependent on the damping ratio, 4, and natural frequency,
({, of the quadratic in Eq. (3), The rate-command/attitude-hold control
system for pitch attitude (and also roll) was implemented as shown in
Sketch II-F for this study.

For this study the basic longitudinal and lateral airframe derivatives
of configurations BC1 and BC4 were used as a base and the rate damping (Mq,
Lp) and attitude stabilization (MO, I0) parameters were varied to provide a

broad range of 4 and Wn for the pitch and roll dynamics. The initial param-
eters chosen were based on a closed-loop analysis of the pilot-aircraft
dynamics. Values for and wn that could not be obtained with simple
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SKETCH II-F. Implementation of Rate-Command/Attitude-Hold Control

attitude and rate feedbacks were not waluated in this study. Again, the

pitch and roll attitude dynamics were identical for each test case.

2. Height Control

The height control program consisted of four studies. They were con-

cerned with the effects on flying qualities of (1) height velocity damping,

Z., with effectively unlimited thrust, (2) the interaction between Z. and

the installed thrust level, (3) thrust lags and delays, and (4) thrust

available through stored energy. The longitudinal, lateral and directional
characteristics were defined by the basic configurations and are shown in

Table A-I. Pitch, roll and yaw control moments were effectively unlimited.
The data obtained consisted of pilot ratings, pilot-selected collective
control sensitivities and thrust usage. The measured thrust usage was made
up of that which the pilot attempted to command, Z6c. .c, and that actually
commanded, Z6 c.6 c + Zws " w, where 7%s is the height damping resulting from
stability augmentation.

a. Effects of Height Velocity Damping with Unlimited Thrust

This study was undertaken primarily to provide more information on the
minimum acceptable level of height velocity damping, Z.. The MIL-F-83300
specification (paragraph 3.2.5.4) assumes that Level 1 flying qualities for

height control can exist for ZV = 0 provided sufficient thrust is available

(T/W >l.lO). A previous UARL study (Ref. 7) contains data which indicate

that a level of Z. -0.5 is necessary for satisfactory height control. A

secondary objective of the study was to measure thrust usage data with

effectively unlimited thrust-to-weight ratio (T/W>l.15). Levels of total

height damping, Zw, ranging from 0 to -0.8 were evaluated with configura-
tions BCl and BC4. The total damping was assumed to consist of equal aero-
dynamic, Zwa, and stability augmentation system (SAS), Zws, components.
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b. Interaction Between ZV and Installed Thrust Level

The height control power portion of MIL-F-83300 (paragraph 3.2.5.1) is
based on the premise that increased height velocity damping reduces the

necessary installed thrust. The study described here was conducted to pro-

vide more information on this effect. Height control was evaluated with
configuration BC for six or more levels of ZWT, ranging from -0.1 to -0.5,
at each of three installed thrust-to-weight ratios (T/W = 1.02, 1.05, 1.10).

The T/W ratios considered are pertinent to the definition of level boundaries
for the height control power specification. Generally ZWT was composed of
equal parts of aerodynamic, Zwa , and SAS, Zws, damping. However, the effects
of all Zwa or all ZWs were also investigated.

c. Thrust Lags and Delays

This investigation was designed to test the specification for thrust
magnitude control lags (paragraph 3.2.5.2). First-order lags which result
in height control response that spans the Level 1 and 2 requirements (Th =

0.3 and 0.6) were evaluated with and without 0.1-sec delays. These lags

and delays affected both the control and SAS thrust commands. Configuration

BC was used and several values of Z, composed of equal Zwa and Zws com-

ponents, were simulated for each combination of control lag and delay. Also,

the installed T/Wt was limited to 1.05 for thir study.

d. Thrust Available Through Stored Energy

The effects of incremental thrust from rotor-propulsion system stored
energy were investigated using configuration BC1 with height control charac-
teristics that were unsatisfactory without stored energy (z4 = zws = -0.35,
T/W = 1.02). Two levels of incremental T/W representing momentary thrust
increases of approximately 15 percent and 30 percent, i.e., AT/W = 0.13 and
0.28, were evaluated with decay time constants of Th = 0.05, 0.1 and 0.2 sec.
Stored energy was simulated as described for pitch control in Section II.A.l.e.

3. Directional Control

The three directional control studies investigated (1) the effects of
damping on flying qualities and control-moment usage, (2) control lags and

delays, and (3) limits on the available control moment. Two of the basic
configurations (BC1 and BC2) were used to represent V/STOL longitudinal and
lateral control characteristics. The height-control parameters for the
directional studies were as shown in Table A-I. Pitch and roll control
moments and thrust-to-weight ratio were effectively unlimited. Yaw control

moments were also unlimited unless noted otherwise. Pilot ratings, pilot-
selected directional control sensitivities and pitch, roll and yaw control-

moment usage were recorded.
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a. 1aks of Yaw Rat Damping

This study was conducted to provide atitional information on the rela.,
tionship between yaw rate damping and flying qualities and to obtain control-
moment-usage data. Yaw rate damping values which spanned the Level 1, 2 and
3 specifications (paragraph 3.2.2.2), for directional damping (Nr =-1, -0.5
and 0, respectively) were evaluated for basic configurations BC1 and BC2.
For all test cases Nv was 0.005.

b. Control Lags and Delays

The effects of directional control lags and delays were also investi-
gated to provide results with which to test the control-lag specification
(paragraph 3.2.4). First-order control lags (which affected the pedal
response only) with time constaats 'r = 0.3 and 0.6 were evaluated with and
without 0.1-sec delays in control response. These lag and delay combina-
tions were each evaluated at IL. levels of -0.5 and -1. Only configuration
BC. was used in this study and Nv remained 0,005.

c. Yaw Control-Moment Limits

The levels of yaw control moment necessary for satisfactory directional
control were determined (1) to provide comparative results for the MIL-F-83300
control power requirement (paragraph 3.2.3.1) and (2) to evaluate the hypoth-
esis that acceptable moment limits correlate with a level exceeded some
small percent of the time for unlimited available moments. Configuration BC
was again used in this study and Nv remained 0.005. The yaw control-moment
limits considered were Ncm = 0.10, 0.13 and 0.16 and the effects of twese
limits were evaluated for two values of Nr, -0.5 and -1.0. The smallest
limit considered, Ncm = 0.10, was based on yaw coL.crol-moment data measured
in the turbulence study (Section II.A.l.b). It was the average level
exceeded 5 percent of the time for the 3.4 ft/sec rms turbulence intensity.

B. Description of Simulation

1. Simulation of V/STOL Aircraft and Winds

The six-degree-of-freedom equations of motion for hovering and low-speed
flight were programmed on an analog computer. They were written using a
body-axis coordinate system and were linearized assuming small perturbations
from hovering flight (Eq. (F-1), Appendix F; Refs. 7 and 8). Also, the angular
momentum effects of such spinning masses as propellers and jet engine rotors
were not considered. Products of inertia have also been assumed to be neg-
ligible and, with the exception of N., derivatives which couple motion be-
tween axes were geneaally disregarded. Pitch and roll rate coupling and
control coupl.--g were examined in one of the longitudinal and lateral control
studies, howe-,vi The wind simulation consisteC of a 10 kt (R17 ft/sec)
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mean wind from the north (000 deg true), Ur, and turbulence which was intro-
duced along the aircraft x and y body axes. Turbulence was simulated by
passing the output of a raridom noise generator, which had a relatively uni-
form low-frequency power spectral distribution, through a first-order filter
with a break frequency of 0.314 rad/;ec (Refs. 7 and 8). The simulated tur-
bulence then excited aircraft rotational and translational motion through
the aircraft speed-stability and drag parameters and the yaw-due-to-lateral-
velocity parameter (see Eq. (F-l), Appendix F). The turbulence intensity was
always equal in the x and y axes, and, in general, an rms level of ougTVg = 3.4 ft/sec was used. With this turbulence intensity, the wind simula-
tion • s the same as that used for much of the previous Norair study con-

ducted under the VIFCS program (Ref. 9). Turbulence intensity levels of
0--u = Ov = 5.8 and 8.2 ft/sec were also considered in the study of turbu-
lence effects.

2. Flight Simulation and Display

Fixed- and moving-base VFR flight simulations were used. For any given
study, the moving-base simulations were used to check selected fixed-base
data which had been previcusly obtained. Generally, about half the test
cases in a particular study were evaluated in the moving-base mode. The
same flight simulator used in the previous UARL VIFCS studies (Refs. 7 and

8) was also used for this program. A motion platform has been added to the
device, however (Fig. 2).

The simulator consists of a fully enclosed, two-place Sikorsky S-61
cockpit with a conventional instrument panel, a contact analog display for
VFR flight simulation, and the six-degree-of-freedom motion platform. The
control system for this simulation was made up of standard helicopter flight
controls plus a thumb-switch device which could be used to change the longi-
tudinal thrust-vector angle (or wing-tilt angle) and thereby trim the effects
of the mean wind acting through the longitudinal drag parameter. The display
(Fig. 3) is composed of a ground grid, horizon line, clouded sky and display
symbols. Attitude and coarse position information are obtained from the
motion of the ground grid, horizon and sky relative to a cross symbol which
represents the nose of the aircraft. The cross may either be the electronic
symbol shown in Fig. 3 or simply a marker physically attached to the screen
surface. For the independent thrust-vector control and height control
studies, the latter method was used and the electronic cross vas moved to
the right side of the screen to indicate thrust-vector angle and altitude,
respectively. Precise aircraft position and velocity information are ob-
tained from the motion of the square symbol which indicates a spot on the
ground. At the reference hovering altitude of 40 ft, the dimensions of the
contact Pualog screen represented a hover pad approximately 130 ft (longi-

tudinally) by 150 ft and the square symbol an area about 9 ft on a side.
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Simulator motion is provided by coordinated movement of the six hydraulic
actuators on which the cockpit is mounted (Fig. 2). The stroke position of
each actw.tor, conmnded in response to the simulation equations of motion,
is generally computed using hard-wired analog circuitry. A PDP-8 digital
computer is used to set control modes of the motion platform and to monitor
system performance. The simulator motion capabilities are summarized in
Table II. The amplitude of the motion-platform frequency response is flat
to beyond 1 Hz for each type of angular (e.g., pitch, roll or yaw) or linear
motion. The phase lag for each type of motion -s approximately 30 deg at
1Hz.

TABLE II

FLIGHT SIJIATOR ANGULAR AND LINEAR MOTION LIMITS

Angular Motion Linear Motion

Axis Atti- Acceler- Axis Posi- Velo- Acceler-
tude, Rate, ation, tion, city, ation,
deg rad/sec rad/sec ft ft/sec g' s

Pitch h 45 =b i Longitudinal 5 + 6 :'0.5

Roll 30 Li i lateral b5 6 0.5

Yaw l45 1 : 1 Vertical :2.5 :=6 +.0

The platform's motion limits are too small to permit duplication of all
low-frequency aircraft motion commanded by the pilot, especially the linear

displacements. Consequently, a "washout" logic has been developed to selec-
tively attenuate motion commands which would cause the simulator to exceed
its limits (Appendix F; Ref. 11). This system is based on measured fre-
quency response characteristics of the human's vestibular system. It also
orients the cockpit relative to the earth's gravity field to simulate low-
frequency aircraft linear accelerations which otherwise could not be repre-
sented. Several pilots have evaluated the motion system with this wasloult
logic for hovering and lor-speed flight and have generally found that it
provides a realistic representation of actual flight.

3. Simulated Flight Task

The flight task performed during the longitudinal and lateral and the
directional control studies consisted of the following sabtasks: vert '.al
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takeoff and climb to a 40-ft hovering altitude, low-speed maneuvers (air
taxi; MAN, V4, YM), quick stops (QS, XQS, YQS), turns-over-a-spot (TU),
hover (HOy), ar i landing. The air-taxi maneuvers were conducted in both
longitudinal an lateral directions through simulated distances of ±65 ft
and ± 75 ft, respectively. The pilots followed a cross pattern while hold-
ing heading constant (at 000 deg true) and hovered momentarily at the cardi-
nal points of the cross. Airspeeds were generally less than 20 ft/sec
during the 'maneuver task. The pilots next performed the longitudinal and
lateral quick stops while also holding heading at 000 deg true. Airspeeds
were somewhat larger for the quick stops, and, of course, the aircraft's
velocities were arrested more abruptly than for the air-taxi maneuvers. The
pilots next performed ±180 deg turns while maintaining hover position and
this was followed by a 60-sec precision hover at the center of the simuulated
hover pad. The pilots then landed the aircraft.

The turn-over-a-spot subtask was deleted for the height control study
and a landing sequence (IS) subtask was performed after the hover. The
landing sequence consisted of relatively rapid changes in hovering altitude
from 40 ft to 20 ft and back to 40 ft. This was followed by a vertical
landing.

4. Pilots

The two UARL evaluation pilots were the same pilots A and B who partic-
ipated in the pre'rious VIFCS studies conducted at UARL (Refs. 7 and 8).
Both are licensed private pilots who have flown a variety of fixed-wing
aircraft and one has had limited helicopter experience. They also have each
accumulated several hundred hours evaluation time on the flight simulator.

For each study in this program pilot B generally evaluated all the fixed-
base test cases End pilot A approximately half of them. These ratios were
reversed for the height control studies, however. Only pilot B performed
moving-base evaluations.

Two Calspan test pilots also participated at different times in the
UARL program. Each has extensive experience in both helicopters and V/STOL
aircraft. Eleven moving-base simulator shifts of at least 4 hours duration
each were set aside for Calspan use. Results from the Calspan evaluations
sre ,3hown only for Calspan pilot B in this report.

5. Comparative Results from UARL and Norair Simulations

The UARL flight simulation was designed to correspond with that used
by Norair in their previous VIFCS program (Ref. 9) and thereby provide com-
parable results. An indication of the success of this effort can be obtained
by comparing pilot ratings for similar test cases from the two simulations.

Comparable longitudinal and lateral control rating data for the six UARL
basic configurations are shown in Fig. 4 and Table III. The UARL fixed-base



TABLE III

COMPARISON OF PILOT PATINGS FROM NORAIR AI4 CURRENT UARL STUDY

Wind Simlation: Um = 10 kts, aUg = aVg = 3.4 ft/sec for Both Simnuations

Sinu- Longitudinal LateralP
Basic lation Stability Derivatives Stability Derivatives
Conf. Case .... 1. M Ig Y k Lo FB MB

UARL 0.33 -0.05 -1.7 -4.2 -0.33 -0.05 -1.7 -4.2 2 2
Ti

BC1 - ... - ---.- -

NORAIR 0°33 -0.05 -1.7 -4.2 -0.33 -0.05 -1.7 -4.2 3.2308

UARL 1.0 -0.05 -1.1 -2.5 -1.0 -0.05 -1.1 -2.5 4.5 5

BC2 T1O ... .. ..

NORAIR 1.0 -0.05 -1.1 -2.5 -0.16 -O.10 -5.0 o 4.5
102

UAL 1.0 -0.05 -2.0 0 -1.0 -0.05 -2.0 0 5 6

BC3 T16
NORAIR 1.0 -0.05 -2.0 0 -0.16 -0.10 -5.0 0 5
117

UAR O 1.0 -0.20 -3.0 -1.7 -1.0 -0.20 -3.0 -1.7 3.5 3
C4 T7

BC4 T - -~ -- - - -I

NORAIR 1. -. 20 -3.0 -1.7 -0.16 -0.10 -5.0 0 4
147 lo -'1

UARL 0.33 -0.20 -1.7 -4.2 -0.33 -0.20 -1.7 -4.2 3.5 2

BC5 T4 -.- -

NOBAIR 0.33 -0.20 -2.1 -3.8 -0.33 -0.20 -2.1 -3.8 3

334

UARL 1.0 -0.20 -1.1 -2.5 -1.0 -0.20 -1.1 -2.5 4.75 6

BC6 T13

1NORAL 1.0 -0.20 -1.4 -1.7 -0.16 -0.10 -5.0 0 6.2
4141



data are averaged over two pilots and the moving-base results are for pilot B
only. The Norair ratings for each case have been averaged over several pilots..
In general, the ratings from the two programs agree relatively well, generally
differing by only about one unit or less. Note, however, that only for con-
figuration BMl were the Norair and UARL test cases completely identical. The
comparable longitudinal stability derivatives were always quite similar but

the lateral derivatives were generally not.

C. Data Analysis

1. Reduction of Experimental Data

a. Flying Qualities Results

Pilot ratings and comments were obtained for each test case. Corres-
ponding pilot-selected control sensitivities were also recorded. For some
of the test cases, however, control sensitivities were preset at acceptable
levels to save time. The pilot ratings were based on the Cooper-Harper
scale (Table IV) and the pilots' comments consisted of responses to the appro-
priate parts of the questionnaire shown in Table V. The rating scale and
questionnaire are very similar to those used in the Norair VIFCS program
(Ref. 9). For presentation in the figures the UARL fixed-base rating data

and control sensitivity results were each averaged over pilots A and B. The
corresponding moving-base data from pilot B are shown separately. Also,
Calspan pilot evaluation results were never averaged with the UARL data.
Except for height and directional control, the Calspan pilots did not reach

the level of control proficiency on the UAC simulator which is necessary to
provide valid flying qualities data. This should not be interpreted as a
reflection on the capabilities of the Calspan evaluation pilots who were
both highly skilled in the control of V/STOL aircraft. Rather, the inabil-
ity to become proficient, in the somewhat limited time available for Calspan
pilot training, was a result of the complex nature of the UAC contact analog
display (Fig. 3). This display does not provide a great deal of visual
realism and in order to control properly one must rely on the relative motion
between the cross and square symbols. The Calspan pilots did not learn to
"'lead" their control inputs properly using this relative motion information.
They also tended to make control inputs of the wrong polarity, because it
wao difficult for them to determine the proper correlation between the
symbol relative motion and the required control input. Valid flying quali-
ties data can be obtained with the UAC display, however, for evaluation

pilots who are familiar with its characteristics (e.g., Refs. 7, 8, and 12).
For such pilots, the UAC display can provide visual cues (except for periph-
eral information) which are similar to those in actual VFR flight, and in
some aspects possibly better than VFR cues (Ref. 7).
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TABLE IV

COOPER-ARPER PILOT PATING SCALE

ADEQUACY FOR SELECTED TA OR DEMANDS.QU THE, PILOT PILOT

REOUIRED OPERATION AIRCRAFT CHARACTERISTICS W SELECTED TASK OR REOUIRED QPERATION*R. t

EcletPilot COmpenisObn not a focwi)r for j
Highly desirCble des-red performonce.

PiOt compensation not 0 factor tor 2
hNeqliqble deficiencieS desired performance

FOir - Some middly Minmal rslo compensation required to(
Upleosonl deficiencies des.fed perlormance

yes 61r bit omvoyrg * Desired performnice requires moderate4
deficiencies pilot compei ,olon

IS to Deficiencies Moderoltely ob)eclt noble Adequie pe,.ormonce requires
warrt 5

mrproventl.p improvement deficenc,ies considerable plot compensation

Very obeCtonoble but Adequole performance requires exlersive 6

Yes tottiobvote deficiencies *pilot comnpensation

Adequote performance not oto-ncble with

Maj~or deficiencies * morimum tolerable pil oCmp,!nsolion 7

s adeQute Controllobiliy not in question
perorrnO eficie e
pl t 1:90 re entfe t,/of deficiencies , Considerable pilot compensoan is required 8

Pmprovement for control

Mao, deficie ncs * Intense pilot compensation is required to
es" retain control

It csrloe N Improvement Control wilt be lost Oxitig some Potionl of required o

Definition of required operation involves designation of flight phase end/or subploses with
Pi decisions occompanyng conditions.

All the rating and control sensitivity data for the UARL pilots are

summarized in Appendix A and the corresponding pilot comments are contained

in Appendix B. Similar results from Calopan pilot B are presented in

Appendix D.

b. Control Power Data

The total pitch, Mc, roll, Lc, and yaw, Nc, control moments (pilot con-

trol inputs plus that from the rate damping and attitude stabilization

derivatives, i.e., the stability augmentation system commands) were measured

for each test case in the longitudinal and lateral control and the direc-

tional control investigations. Pitch control moment and thrust-usage data

were measured during the height control study. A representative schematic

showing the point at which the pitch control-moment-usage data were measured
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is shown in Sketch II-G. Control moment for roll and yaw control and thrust
usage for height control were measured at corresponding points in the appro-

priate control loop. These control power data were recorded on an FM tape

Point at Which
Mcment Usage

Measured

-lesirt I

-itch Fitch Control Pitch Pitch

Attitu ircr Input Lag and/or Ccnand Airframe Attitude0 io Delay I-w _Dynamics

Stability

Pugmentation

SKETCH II-G. Representative (Pitch) Aircraft Control Loop
Showing Point at Which Vontrol-Moment Usage
was Measured

recorder. Control power usage for the experiments in which effectively un-
limited control. power was available was characterized by the percent time
given moment levels were exceeded for a particular subtask. For those
investigations in which control power was limited, the percent time that
total control power commands exceeded these limits was of interest. The
exceedance percentages were computed off-line from the recorded control
power data using an analog computer. Exceedance computations were performed
on the magnitudes of the pitch, roll and yaw control moment data; IMc1,
ILcI, INc ', respectively, and the combined pitch and roll moment results,
INI + ILcI, from the longitudinal and lateral studies and from the directional
control investigations. As indicated oy the relationship (IMcl + I Lc) the
exceedance percentages for the combined pitch and roll signal were performed
on the sum of the magnitudes of total pitch and roll control moments. For
the height control data, the exceedance computations were performed on 11cl
and on the negative or "up" collective part of Z6 c. c and Z6 c.5c + Zvi w.
It was felt that exceedance percentages computed from the thrust used to
ascend or arrest sink rates would be more significant than percentages based
on both positive and negative thrust usage about the trim level (T/W = 1.0).

Representative plots of exceedance results are shown in Fig. 5. There
the percent time that IM,', ILcl and IMcI + Iicl exceed the given reference
levels are shown with subtask as a parameter. These data are for one pilot
and are plotted on a probability grid. For the type of plots in Fig. 5, a
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straight line indicates that the data can be characterized by a Gaussian
probability distribution. There is some tendency for the curves from the
hover and turn subtasks to exhibit this characte:.istic.

To simplify the task of evaluating the effects of a variety of aircraft
and task parameter changes on control power usage, the control power level
exceeded 5 percent of the time was chosen for comparison. The 5-percent
level was selected because it is generally near the upper limit of control
power used by the pilot and would presumably be related to the required
installed power. A previous UARL study showed some evidence to support this
assumption (Ref. 13). On the other hand, it is not such a small percentile
that it would be an unre'.iable indicator of overall control pover usage. The
data in Fig. 5, for example, indicate that if the 5-percent level is used to
rank the subtasks as to control-moment usage, the results are consistent
with the trends evident over all percentiles. However, the 5-percent level
should be more sensitive to parameter changes than larger percentile levels.

The 5-percent level results presented in this report were averaged over
the two pilots participating in the study and over both moving- and fixed-base
data to provide the largest possible data sample for a given test point.
Averaging the moving- and fixed-base data appeared to be valid since the

differences in these two types of data were less than the inter-pilot varia-
tion. That is, there was generally no dramatic difference between fixed-
and moving-base data. Representative results which support this conclusion
are shown in Fig. 6.

2. kalytical Investigations to Interpret the Data

Two types of analytical efforts were undertaken to interpret and
rationalize the experimental results. One involved converting the param-
eters in MIL-F-83300 which specify satisfactory V/STOL response into func-
tions which could readily be compared with the UARL flying qualities and
control power data. The computations were performed to permit evaluation
of the MIL-F-83300 requirements for control sensitivities, control power
and satisfactory levels of control lags and delays.

The second type of analytical investigation was man-machine analysis o.'
the different control loops (longitudinal, lateral, height and directional)
closed by the pilot when controlling a V/STOL aircraft. The results of
these analyses were used to select parameters to be considered in the experi-
mental studies and to interpret pilot opinion data in terms of the pilot
lead and gain compensation required. The closed-loop models and analytical
techniques used here are discussed in detail in previous UARL reports (e.g.,
Refs. 7, 8 and 14).
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SECTION III

RESULTS OF LONGITUDINAL AND LATERAL CONTROL STUDIES

This section consists of two parts in which the results of the longitu-
dinal and lateral control studies are discussed. Part A is concerned with
flying qualities data and Part B with control-moment usage data. Details of
the experimental design, the equipment and procedures and other background
material are given in Section II.

A. Flying Qualities Results

Pil&+ ratings and pilot-selected control sensitivities from the studies
of (1) turbulence, (2) control lags and delays, (3) control moment limits,
(4) control moments through stored energy, (5) inter-axis motion coupling,
(6) thrust-vector control independent of attitude, and (7) rate-command/atti-
tude-hold control are discussed here. The data are interpreted using man-
machine analysis methods and, where appropriate, are compared with MIL-F-83300.

1. Turbulence

a. Pilot Ratings

The flying qualities of the six basic configurations were each evaluated
at three turbulence intensities (%Ug = v- = 3.4, 5.8 and 8.2 ft/sec) to
determine the sensitivity of representative Level 1, 2 and 3 V/STOL aircraft
to changes in turbulence itensity. Pilot ratings from these evaluations
(Cases Tl through T18, Table A-II) are presented in Fig. 7. The pilots were
not aware of the turbulence intensity level present for a given test case. As
might be expected, the ratings generally deteriorated as gust intensity
increased. However, it appears that the rate of deterioration may have been
greater for configurations with the less stable (Levels 2 and 3) dynamics.
For example, there was no degradation in ratings for the Level 1 configura-
tions as rms turbulence intensity was increased from 3.4 to 5.8 ft/sec. A
general increase in rating for the Level 1 configurations is evident, however,
at the 8 .2-ft/sec intensity, although the ratings all remain in the acceptable
region (Fig. 7(a)). A much more definite deterioration in ratings is evident
for the Level 2 and 3 configurations, especially for the change in turbulence
intensity from 3.4 to 5.8 ft/sec.

The degradation in rating is shown more clearly in Fig. 8 where it is
plotted versus configuration flying qualities level, with the change in turbu-
lence intensity treated as a parameter. The degradation in fixed-base ratings
for Level 2 and 3 configurations is much greater than that for Level 1 config-
urations over the turbulence intensity interval 3.4 to 5.8 ft/sec. Except for
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BC4, which is Level 1 but relatively responsive to gusts, this trend is also

evident (to a lesser extent) for the intensity interval 3.4 to 8.2 ft/sec.

There is not sufficient moving base data to permit a complete comparison

between levels. However, over the turbulence interval 3.4 to 8.2 ft/sec, -,he

degradation in moving-base ratings for Level 1 configurations BC1 and BC4 is

less than the corresponding fixed-base degradation. The mcving-base degrada-

tion for BC5 is greater than its fixed-base counterpaxt but still smaller

than the fixed-base degradation for the Level 2 and 3 configurations. In
summary, the pilot rating data would tend to indicate (but by no means

confirm) that the MIL-F-83300 Level 1 requirement for V/STOL pitch, roll and
yaw dynamic response (paragraph 3.2.2) provides aircraft dynamics which

remain quite controllable for nominal increases in turbulence intensity.

The iating data can be interpreted by considering the aircraft attitude
and position response to turbulence and the phase lags of the attitude dynam-

ics at frequencies critical to pilot control. It has been shown (Refs. 7 and
8) that pilot rating is related to both the workload involve"3 in suppressing
turbulence and the lead compensation he must supply to provide good closed-

loop attitude characteristics. This lead compensation is inversely dependent
on the attitude phase lags over the frequency interval from about 1 to 4
rad/sec (Refs. 7 and 14). The frequency domain characteristics of the open-
loop attitude and position response to turbulence for the six basic config-
urations are shown in Figs. 9 and 10. The phase lags contributed by the pilot
and the open-loop attitude dynamics for these configurations are presented in
Fig. 11. The pilot's lags are assumed to consist of a pure delay of 0.09 sec
in combination with a first-order lag having a 0.2-sec time constant (Refs. 7
and 14). An examination of the phase lag and turbulence response curves will
indicate why the Level 1 configurations BC1 and BC5, and to a lesser extent,
E ", have generally better flying qualities and are less affected by turbu-
lence than the Level 2 and 3 configurations. The phase lags (Fig. 11) for
BC1, BC4 and BC5 are all appreciably smaller than those for the Level 2 and 3
configurations over the critical frequencies (w = 1.5 to 4 rad/sec, Fig. 11).
This indicates that the pilot need supply less lead compensation to provide
good attitude control characteristics. Also, the normalized open-loop attitude
and position power spectral densities for BC1 and BC5 are appreciably smaller
than those for the Level 2 and 3 configurations. The power spectral densities
for BC4, the remaining Level 1 configuration, are comparable to those for BC2,
BC3 and BC6 over the lower frequencies but are smaller at the higher frequen-
cies which are more difficult for the pilot to suppress. Consequently, the
opinion ratings for BC4 might be expected to exhibit a somewhat smaller
sensitivityto gust intensity than BC2, BC3 and BC6.
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b. Control Sensitiv'.ties

Longitudinal and lateral control sensitivity data are shown in Figs. 12
and 13, respectively. For most of the six configurations, the longitudinal
control sensitivities, Me , tend to increase with turbulence intensity. This
trend reflects the pilot's requ.rement for more rapid attitude and position
responses to control inputs as he tried to maintain performance in the
presEnce of increasing gust disturbances. For some of the configurations

(BC4, BC5 and BC6) the lateral control sensitivities (Fig. 13) tend to
increase with turbulence intensity, but this trend is not consistent for all
configurations. In fact, the control sensitivities selected for BC3 tend to
decrease slightly for the larger gusts. Such inconsistencies are not
unexpected, since previous studies have shown that a fairly broad range of
control sensitivities are'acceptable to most pilots (Refs. 7 and 9). Figures
J.2 and 13 also contain boundaries for the maximum and minimum control -nsi-
tivities permitted under the MIL-F-83300 specification for aircraft attitude
response to control inputs (paragraph 3.2.3.2). These sensitivity boundaries
were back-calculated using the attitude response specifications and the known
aircraft dynamics. It is apparent from the distance between these boundaries
that the specification permits appreciable latitude in the installed V/STOL

pitch and roll sensitivities. The values of Mae and Laa selected by the UARL
pilots generally fall within these boundaries, but are much closer to the
minimum acceptable level than the maximum. In fact, for the Level 1 config-
urations (BC1, BC4 and BC5), most of the lateral control sensitivities are
somewhat below the lower boundary. Larger minimum values are required by

MlL-F-83300 for lateral control sensitivities tha i longitudinal, assuming
the pitch and roll dynamics are symmetrical. In studies at UARL, however,
Laa has generally been found to be smaller than M8e (Refs. 7 and 8).

2. Control Lags and Delays

a. Pilot Opinion Ratings

Pilot rating data from the three parts of the control lag and delay
investigation are discussed in the following order: (1) first-order control
lags, (2) first-order control lags in combination with a 0.1-sec delay, and
(3) second-order control lags. The test cases evaluated in these studies were
LLI-LI27 and results of the evaluations are summarized in Table A-III
(Appendix A).

The effects of the first-order control lags on ratings are shown in
Fig. 14. These lags affected only the pilot's control stick commands and not
the SAS inputs. Also, the lags were identical for both pitch and roll. As
might be expected, the ratings generally deteriorated as the lag time con-
stant, Te = Ta, increased. However, the sensitivity of a given configura-
tion's flying qualities to the lag time constant appeared to correlate with
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the flying qualities level (without lags) of the configuration. For example,
most of the ratings for the Level 1 configurations at Te = Ta = 0.6 sec were

within one unit of the ratings given for no lags. The Level 2 and 3 config-

urations generally show a noticeable deterioration in rating at Te = Ta = 0.3

sec. The degradation in rating is plotted versus flying qualities level in

Fig. 15 with the change in lag time constant as a parameter. There is

considerable scatter in these results, but the fixed-base data generally show
that the degradation in rating was greater for the Level 2 and 3 configura-

tions.

The Level 1 configurations should be somewhat less sensitive to control

lags. The primary effect of the control lags is to introduce phase lags

(Fig. 16) which increase the need for pilot lead compensation. They do not

affect the aircraft response to turbulence. The Level I configurations
require little lead compensation without lags because their open-loop phase

lag is small (Fig. 11). Pilots will tolerate nominal requirements for lead
compensation without a significant change in rating (Refs. 7 and 14). Conse-
quently, the ratings for Level 1 configurations do not change appreciably

until the lag time constant reaches a relatively large value (e.g., re =a =

0.6). However, for the Level 2 and 3 configurations the requirements for
pilot compensation are at a relatively high level with no lags (Fig. 11). In
this situation the pilots appear to be more sensitive to the increased lead
requirements, possibly because it is more difficult to supply the needed

increment. Note that the magnitude characteristics of the basic configura-
tion-lag combination, which will not be discussed here, may also affect pilot
opinion (Refs. 14 and 15).

The specifications for pitch and roll control system lags can be
evaluated using the pilot rating data in Fig. 14. The specification (para-
graph 3.2.4) is based on the time it takes aircraft attitude to reach the
initial maximum angular acceleration, tmax and tmax, after the initiation of
the control command. If these times are less than 0.3 sec the attitude dynam-
ics are considered satisfactory. Values of these times have been computed
with Te = Ta = 0.1, 0.3, and 0.6 sec for each of configurations BC1, BC4 and
BC5 and they are summarized in Table VI along with the associated pilot
rats is. These results show that the specification permits a re = ra = 0.3
sec for the configurations evaluated; these cases were also generally rated

satisfactory. The specification would preclude Te = ra = 0.6 sec although the
fixed-base ratings remained marginally satisfactory for these cases. However,
the moving-base ratings for the first-order control lag evaluation were
generally worse than the fixed-base results. Consequently, it would appear

that excluding control lags much greater than Te = Ta = 0.3 sec, as the

specification does, is prudent.
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TABLE VI

COMPARISON BMTEEN PILOT OPINION RATMTIGS A THE
MIL-F-83300 REQUIREMENT FOR ACCEPTABLE A TITUIE COMROL LAGS

Time to 1x.

Basic Lag Time Acceleration, Average Pilot Rating
Conf. Constant, t = . .. ...

're = 7' **e = a' tiax' Fixed Base Mow-ing-Base

sec sec Mode Mode

0.1 0.19 2
BC1 0.3 0.31 2.75

0.6 0.38 2.5 5.5

0.1 0.15 2 3.5
Bc4 0.3 0.29 2.75 5

0.6 o.46 3.5

0.1 o.18 2
BC5 0.3 0.30 2

0.6 0.38 3.5 3

The effects of adding a 0.1-sec time delay in pitch and roll response for

Level 1 and 2 configurations (level designation applies fcr no lags or delays)

are shown in Table VII. Such delays also increase the requirements for pilot
adapted lead compensation by increasing the phase lags in the attitude re-

sponse to control inputs. However, as indicated in Fig. 16, a 0.1-sec delay
contributes relatively small phase lags over the frequency range (- I to 4
rad/sec) most critical to pilot control of attitude. Time delays greater

than O.1 sec were not considered since the specification (parcgraph 3.2.4)
excludes them. In this study the time delays (de = da) were aaded separately
and in combination with first-order lags (Te = Ta) having 0.3-sec time con-
stants. For one of the cases (indicated by the superscript 2 in Table VII)
the time delays and lags affected both the pilot's control inputs and the SAS
commands. For all other cases the time delays and lags operated only on the
control input. For the Level 1 configuration (BCl) the 0.1-sec time delays
in the pilot's pitch and roll control inputs had little effect on pilot
rating, whether or not the 0.3-sec lags were also present. For example,
adding de = da = 0.1 sec with Te = Ta = 0 did not change the pilot's rating
(PR =2 for both cases). Also, adding de = da 0.1 with Te Ta 0.3
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TABLE VII

EFFECTS OF TIME DELAYS AND CONTROL SYSTEM LAGS ON PILOT RATINGS

BC1 is Level 1 and BC2 is Level 2 Without Lags and Delays

Basic Lag Time Time Ratings from Pilot B
Conf. Constant, Delay for Fixed-Base Mode

7e = f-a de = de,
SCe sec

0 0 2
0 0.1 2

BCl 1  0.3 0 2.5
0.3 0.1 3
0.3 2 o.12 82

0 0 5

1 0 0.1 5
BC2 0.3 0 5

0.3 0.1 7

1. Symmetrical configurations - lateral derivative has same value as

corresponding longitudinal derivative; pitch and roll lags and
delays equal.

2. For this case the lag and delay operated on both the control input
and the SAS command. For all the other cases only the control input

was affected.

resulted in a pilot rating deterioration of only 0.5 units relative to the
rating with only the 0.3-sec lags. However, the results in Table VII show a
dramatic change in rating when the lags and delays were relocated so that they
affected both the control and SAS commands (PR = 8 versus PR = 3). In this
case, the stability augmentation was much less effective and, as a result, the

configuration was very difficult to control. The pilot's chief complaint
(Case LL25, Table B-II, Appendix B) was that large pitch oscillations
developed; it was nearly impossible to damp them and stabilize pitch attitude.
The results for the Level 2 configuration (BC2) also snow little change when
de = da = 0.1 were added with Te = Ta = 0 sec. However, when the same delays
were added to BC2 with Te Ta = 0.3 the associated pilot rating was two
units worse than for the lags without the delays (PR = 7 versus PR = 5).
Dote, however, that the rating for the lags alone was somewhat better than
would be expected. That is, it is the same rating (PR = 5) as was assigned
to BC2 with neither lags nor delays present in the control response. The
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results in Table VII, although limited, would tend to indicate that 0.l-sec
delays in the pilot's pitch and roll control responses are acceptable, at
least for Level 1 configurations. That is, the specification (paragraph
3.2.4) which permits delays in the pitch or roll attitude response to control
inputs of up to 0.1 sec, appears to be reasonable.

Second-order lags were also evaluated during this study to provide some
information on the generality of the MIL-F-83300 specification for control
lags. The specification is based on the results of studies with first-order
control lags; however, because it is phrased in terms of an angular accelera-
tion response which must be achieved within a reference time interval, it may
also apply to more general lags. Four sets of parameters for the second-order
lag were evaluated (0n =Ona = 3.33 rad/sec with e =  a = 0.22, 0.50, and
1.0 and (One =Ana = .23 with e = 4a = 1.0). Aq for the first-order lag
study the lags only affected the pilot's control response and they were
identical in pitch and roll. The initial combination of parameters was
selected to have the same break frequency (cOn = 3.33) as that for an accept-
able first-order lag (I/Te = One where Te = 0.3). The damping ratio, e = 4a,
was adjusted to give the same phase lag as that from the first-order lag in

the region of the pilot's crossover frequency (Oc = 2.5 to 3 rad/sec; see
Refs. 8 and i.4). Consequently, the lead compensation requirements for the two
lags would be similar. However, the nature of the control stick response
would be quite different because of the lightly damped ( e = a = 0.22) oscil-
lations present for the second-order lag. The magnitude and phase character-
istics of the open-loop pilot and attitude dynamics, without pilot lead or
gain compensaticn, are shown in Fig. 17.

Results from the evaluation of second-order lags with configuration BC1
(Fig. 18) show that the combination of parameters ( = 0.22, An = 3.33)
selected for equivalence with Te = ra = 0.3 resulted in a pilot rating of 10.
Pilot comments indicated that the oscillatory pitch and roll motion was
completely unacceptable. The ratings improved with increased damping ratio,
but a satisfactory rating was not obtained even with te = 4a = 1.0. Here the
oscillatory dynamics were not a problem, but lead compensation was reeded to
compensate rhe phase lags. Pilot rating was satisfactory for this damping
ratio, however, with the larger natural frequency, cone = cona = 8.23 rad/sec.
The attitude phase lags in the region of pilot crossover frequency (2.5 to
3.5 rad/sec) 6ere somewhat smaller with these parameters. The pilot rating
results from Fig. 18 are compared with t~ma = t4mx values computed for the
second-order lag test cases in the following tabulation:

ne Co... rad/sec e= 'a tmax = tAx

3.33 0.22 0.6i 10
3.33 0.50 0.58 7
3.33 1.0 0.55 4
8.23 1.0 0.33 3
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The only case rated satisfactory also had a time to maximum angular

acceleration which was nearly equal (0.33 sec) to that required by the
specification (0.30 sec). However, tymax = t x was almost twice the
specification value (0.55 sec) at (ne = O na = 3.33 rad/sec and Ce = ta = 1.0
for a te3t case rated marginally satisfactory (PR = 4). These very limited
results indicate, then, that the control lag specification may not be suffi-
ciently general to apply to second-order control lags.

b. Control Sensitivities

Longitudinal and lateral control sensitivities from the investigation of
first-order control lags are presented in Figs. 19 and 20, respectively. It
might be expected that pilot-selected control sensitivities would increase
somewhat with lag time constants since the lags result in slower attitude
response. For the longitudinal sensitivities, Mae, there is little evidence
of this except possibly for configuration BC3 (Fig. 19). The lateral sensi-
tivities, Lba, exhibit some tendency to increase with Ta and, again, this
effect is more pronounced for BC3. Configuration BC3 is Level 3 and very
difficult to control as the lags become larger. The pilots may have increased
sensitivity in an attempt to more quickly attenuate the large attitude excur-
sions which tended to develop for Te = Ta = 0.3 and 0.6 sec.

Boundary values for acceptable minimum and maximum longitudinal and
lateral control sensitivities developed from the MIL-F-83300 opecification
for attitude control response (paragraph 3.2.3.2) are shown for the Level 1
configurations in Table VIII. Both the minimum and maximum boundaries
increase with Te = Ta because the specification is written in terms of an
acceptable response after a given time period. Because the lags slow the
attitude control response, the sensitivities must increase to satisfy the
specification. For the small lag time constants the pilot-selected lateral
and longitudinal sensitivities are close to the specification's lower
boundaries (Me and Lp are averages of fixed- and moving-base data). For the
larger time constants he sensitivities fall below the minimum boundaries.
Note also that the maximum sensitivity boundaries are very much larger than
the UARL selected values. It may be appropriate to lower the minimum bound-
aries somewhat and it would seem that the max4.iaum boundaries also could be
reauced. The maximum allowable sensitivities would, in general, result in
extremely "touchy" aircraft pitch and roll response to control inputs and
could cause the pilot to overcoftrol.
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TABLE VIII

COMPARISON OF AVERAGED LONGITUDINAL AND IATERAL CONTROL SENSITIVITIS
FROM THE CONTROL LAG ST[DY WITH THE MIL-F-83300 REQUhIREMENTS

Iag Time MIL-F-83300 MIL-F-83300
Basic Constant, UARL Me Boundaries UARL L6. Boundaries
Conf. re = 7a M e  L a

sec Min. Max. Min. Max.

O 0.291 0.233 1.560 0.271 0.312 1.560

BC1 0.1 0.303 0.261 1.740 0.244 0.348 1.174
0.3 0.311 0.342 2.278 0.223 0.456 2.278
0.6 0.372 0.490 3.268 0.312 0.654 3.268

0 0.342 0.258 1.721 0.302 0.344 1.721
BC4 0.1 0.44 0.291 1.940 0.334 0.388 1.94o0.3 0.403 0.384 2.561 0.321 0.512 2.561

o.6 o.412 0.552 3.683 0.384 0.737 3.683

0 0.293 0.233 1.560 0.243 0.312 1.740
0.1 o.3o4 0.261 1.738 0.241 0.348 1.738
0.3 0.283 0.343 2.288 0.220 0.458 2.288

o.6 0.324 o.489 3.263 0.301 o.635 3.263

3. Control Moment Limits

In this study the installed control moments required for pilot acceptance
were determined for several of the basic configurations (BC1, BC4, BC5 and
BC6). The correlation between the requirements for control moment and the
levels exceeded some given small percent of the time with unlimited moment
available, i.e., the 5-percent level, was also examined. This study was
performed with and without control system lags and delays. Also, the pilots
were not aware of the control-moment limits except as they affected flying
qualities. Results from this study are listed for Cases LM1-LM25 in Table
A-IV in Appendix A.

The effects of control-moment limits on pilot rating of the flying
qualities of configurationL BC1, BC4, BC5 and BC6 are presented in Fig. 21.
The reference limits or starting points for the installed control-moment
levels (pitch, roll, and yaw) were averages of those levels exceeded 5 percent
of the time (CMsi) with unlimited moment available (see Section III.B.l.d).
These averages were computed over all subtasks, pilots and modes of simulator
operation (fixed- and moving-base). The control-moment limits for the remain-
ing test cases were obtained by increasing (or decreasing) the reference
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levels by integral multiples of 10 percent. Also, the limits were applied
to the total control moment available for .both control inputs and the SAS
commands. Note that CM-5 is different for each configuration and its magni-

tude scales approximately with the configuration's speed-stability parameters

(see Table C-I, Appendix C).

Only for configuration BC5 did control-moment limits equal to the
average 5-percent exceedance level, CM5 , result in ratings equivalent to those
of unlimited moments (Fig. 21). Configuration BC5 is a very stable, Level 1
configuration with little response to turbulence. For configuration BC1,
which is identical to BC5 except that its drag parameters are one-fourth as

large, control -moment limits at least 1.2 times the reference CM5 level were
needed to obtain ratings equivalent to those for unlimited moments. For the

configurations which were more responsive to turbulence (BC4) or both less
stable and more response to turbulence (Bc6), control-moment limits of 1.3
times the CM5 levels were required for equivalent ratings. For all the
configurations examined, a deficiency in control moment was most evident as
a momentary inability to control pitch, and to a lesser extent roll, when
performing the maneuver and quick-stop subtasks. Pilot comments indicated
that the limits on yaw control moment did not affect flying qualities.

Table IX contains a comparison between the control-moment limits found
to be necessary for pilot acceptance in this study and the control-moment

TABLE IX

COMPARISON OF UARL ACCEPTABLE CONTROL-MOMENT
LIMITS WITH MIL-F-83300 REQUIREMENTS

Control Installed Control Moment, 
rad/sec2

Conf. Moment Pitch, Roll, Yaw,
Source Mcm CM NcM

BC1 UARL O.40 o.46 0.13
MIL-F-83300 0.57 0.47 0.31

BC4 UARL. 1.07 0.79 0.23
MIL-F-83300 1.26 o.81 0.31

BC5 UARL 0.38 0.36 0.15
MIL-F-83300 0.57 o.48 0.31

BC6 UARL 1.16 o.98 0.22
MILF-83300 1.18 0.71 0.31
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requirements in MIL-F-83300. The control moment specification (paragraph

3.2.3.1) stipulates that sufficient control moment must remain at the maneu-
vering airspeed to simultaneously produce aircraft pitch, roll, and yaw
attitude changes of -3 deg, +4 deg, and t6 deg, respectively, within one
second. The specification values shown in Table IX were computed assuming

longitudinal and lateral maneuvering speeds equivalent to those used in the
UARL task ( 15 ft/sec). Combining these airspeeds with the mean wind

increases the effective longitudinal airspeed to 32 ft/sec. For the UARL
simulation, then, the aircraft must have sufficient pitching moment, MCm, to
trim the 32-ft/sec airspeed and also to provide the ±3 deg pitch change
within one second. The roll, Lcm, and yaw, Ncm , moments need only be suffi-

cient to trim the 15-ft/sec lateral airspeed and provide the required attitude
changes (t4 deg and ±6 deg, respectively).

The results in Table IX show that for all the Level 1 configurations

(BC1, BC4, BC5) the pitch and roll contro]-moment requirements from
MIL-F-83300 equalled or exceeded those found to be necessary in the UARL
study. For BC6, a Level 2 configuration which is quite responsive to gusts,
the specification value for Lc, was about 20 percent low. However, the UARL
level for MCm agrees well with the corresponding MIL-F-83300 value. Also, all
of the srecification levels for Ncm were well in excess of the UARL results.
It woule appear from these relatively limited data that the MIL-F-83300
requirervent for pitch and roll control moments is adequate. However, the yaw

control-moment requirement seems somewhat excessive. Pilots never noticed a
deficiency in yaw control moments during the UARL study even for levels of

Ncm considerably lower than the UARL data shown in Talt.e IX. Limitations on

pitch and roll control moment were predominant in the formation of rating.
The MIL-F-83300 yaw control-moment requirement is discassed in more detail in
Section V.A.3.

It was pointed out previously that another objective of this study was
to determine whether the required levels for installed control moments
correlated with the percent time given pitch and roll moment levels were
exceeded with unlimited moments available. In particular it was thought that
the 5-percent exceedance level might be sufficient. The results in Fig. 21
do not appear to substantiate such an hypothesis. However, it may be that
the maximum of the 5-percent exceedance levels measured for the different sub-
tasks should have been used for CM5 instead of the average over all subtasks.
These maximum values, averaged over both pilots and fixed- and moving-base

simulator modes (Table C-I, Appendix C), are listed in Table X along with the
pitch and roll moment levels necessary for pilot ratings approximately equiv-
alent to those for unlimited control moment (Fig. 21).
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TABLE X

COMPARISON OF MAXIMUM FIVE-PERCENT EXCEEDANCE MOMENT
LEVELS USED FOR AY SUBTASK WITH ACCEIABLE LIMITS

ON INSTALLED ROLL AND PITCH COI4ROL MOMNTS

Basic Control Maximum Acceptable
Conf. Moment 5-Percent Level Moment Level

0.34 0.43
BC1

LC  0.45 0.50

I o.45 0.38
BO5

LC  0.50 0.36

0.90 1.07
BC4

Lc o.62 0.78

Me 0.93 1.16
Bc6

Lc 0.94 0.98

The results in Table X show -that only for configuration BC5 were the
maximum 5-percent exceedance moment levels equal to or greater than those

levels which were acceptable to the pilot. It appears, then, that the 5-
percent exceedance level, whether it is composed of the average over all sub-

tasks or the maximum for any subtask, does not provide acceptable levels of

installed control moment. If configuration BC5 is considered an anomaly, the

fact that control-moment levels of 1.2 to 1.3 times CM5 were acceptable may

imply that a lower-percentile exceedance level, e.g., the 1 to 2 percent

level, would provide acceptable installed control moments. Results related

to this possibility are discussed in Section III.B.2.

The control-moment requirements with control system first-order lags

(Te = Ta = 0.3 and 0.6) and delays (de = da = 0.1 for all test cases) were
also evaluated in this study for configurations BCl and BC5. The procedures

used and moment levels considered were identical to those for the evaluation

of control-moment limits without lags. The effects of the control lags can

be seen in Fig. 22. The necessary control-moment levels were increased by
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the control lags and delay. For example, control-moment levels for BC1
equal to 1. ~ 5 were required with Te 

= Ta = 0.3 and 0.6 and de = da = 0.1

for ratings equivalent to those with unlimited control moments. Control

moments equal to only 1.2 0M5 were sufficient for 3C1 without lags and delay

(Fig. 21). For configuration BC5, 1.2 was required with Te = Ta = 0.6 and

de = da = 0.1. Without the lags and delays the corresponding required moment
levels were equal to 1.0 C 5 . The control-moment specification (paragraph
3.2.3.1) i.ill account for the additional control moments required with control

system lags and delays. It is stated in terms of minimum attitude responses
within a certain time and, consequently, requires more installed control

moments when control lags or delays are present. It should be noted, however,
that the control moments required by ML-F-83300 for no lags are generally
equal to or greater than the UARL levels necessary with lags and delays. This

is illustrated in the following list.

mIL-F-83300 UARL Acceptable
Basic Without lags With lags
Conf.

BCU 0.57 0.47 0.31 0.47 0.54 0.16

BC5 0.57 0.48 0.31 0.46 0.44 0.3.8

Only Lcm for configuration BCI from the UARL study is slightly greater than
its ML-F-83300 counterpart. If the control moment specification for Lcm is
computed with Ta = 0.3 under the airspeed conditions discussed previously, the
M1L-F-83300 requirement for Lcm becomes 0.62 rad/sec2 , an increase of about
35 percent. If the 0.1 sec delay was also considered the percentage increase
would be even greater. For Ta = 0.6 the corresponding level for Lcm is 0.81.

In fact, the specification control moment requirement for control systems with
acceptable lags may be excessive. For example, a control lag of 0.3 sec is
permissible under MIL-F-83300 for both configurations BCl and BC5. However,
such a lag will increase the specification control moment requirements by
approximately 35 percent to levels which are much greater than those the UARL
results would indicate are necessary.

4. Incremental Control M6ment Through Stored Energy

For this study the pilot could command a pitch control moment (stored
energy effects were not simulated for roll) greater than the installed or
continuously available total moment. It was assumed that this additional
moment was provided by converting angular momentum from a rotor-propulsion
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system into an increment which decayed with time (as the angular momentum
was dissipated). A more detailed discussion of this effect and a description

of the simulation procedures used are given in Section II.B.l.e. Representa-

tive values for the present increment and the rpm decay (and recovery) time,

determined from an analysis of XC-142 propulsion system data are AMc = 0.3 Mcm
and TA= 0.05 to 0.10 sec. V';es for TA of 0.2 may be possible for heli-

copters. Cases LSl-LS3 were .'uated for the stored energy investigation and
flying qualities results ar. su-'rized in Table A-V in Appendix A.

The results in Fig. 23 were obtained using values for Mem which resulted

in flying qualities that were significantly worse than those for unlimited
control moments. The effects of stored energy were then evaluated for dif-
ferent combinations of AM c and TA. Data are presented for basic configura-
tions BC1, BC4, BC5 and BC6 (Mcm was different for each). Some general

improvement in opinion is evident in Fig. 23 for AMc = 0.30 Mcm and =

0.10. Definite improvement is evident for all configurations with TA = 0.20,
although the ratings are poorer than for unlimited pitch control moment.
Note that for AMc = 0.50 Mcm and TA = 0.20 the flying qualities of BC1 are

rated equal to those for unlimited pitch control moment.

Time histories of Me, the total pitch control moment, which show the
effects of stored energy are presented in Fig. 24. These results were
measured for the maneuvering subtask with configuration BCI and Mcm = 0.36.
The stored energy parameters considered are AM c = 0.3 Mcm (0.11 rad/sec

2 )

with TA = 0.1 and 0.2 sec and AMC = 0.5 Mcm (0.18 rad/sec2 ) with TA = 0.2
sec. These are the parameters used with BC1 to provide the pilot ratings
shown in Fig. 23. The stored energy contribution is evident in Fig. 24 as a
peak which decays relatively quickly to the Mom level. Note that there is a

reduction in the amount of time that the control moment is limited as the

contribution from stored energy is increased.

5. Inter-Axis Motion Coupling

a. Pilot Ratings

Attitude rate coupling (Mp, Lq) and control coupling (Ma, LSe) were
evaluated to determine acceptable limits for such effects (Cases LC1-LC8,
Table A-VI, Appendix A). A related objective was to determine whether changes

to MIL-F-83300 are needed to account for motion coupling. Background infor-
mation on this study is contained in Section II.B.l.f. Results from the

evaluation of motion coupling are shown in Fig. 25. Pilot ratings and con-
trol sensitivities are plotted there versus the level of rate coupling with
control coupling shown as a parameter. Configurations BCl and BC2 were

evaluated. For most of the results the coupling effects were additive. For
example, a positive pitch control input yields a positive pitch rate and
since both La Rnd L~e were negative, the induced rolling mcment was also
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negative. For one test case coefficients having signs which resulted in

cancelling moments (Lq < 0, LSe > 0 and 1 > 0, M8a < 0) were also evaluated.
Note that the pitch and roll rate ccupling levels were always equal as were

the values for longitudinal and lateral control coupling.

Pilot rating showed a significant, consistent deterioration with rate
coupling (Fig. 25(a)). There were no threshold effects evident in pilot
rating as control coupling was changed from zero to Mp = -Lq = 2. That is,
this level of coupling brought about a deterioration in rating of 2 units and

the trend continued as rate coupling was increased. Without rate coupling,

control coupling ratios up to M8a/L8a = -LSe/M8e = 0.5 brought about only a
1 unit decrement in rating (a value of 0.5 indicates a large amount of con-
trol coupling). As rate coupling was added the increase in rating (deterio-

ration) caused by control coupling also became somewhat larger. It appears

from Fig. 25(a) that a control coupling ratio of 0.25 could be expected to
produce a 0.5 to 1 unit deterioration in rating while a ratio of 0.5 results

in a 1 to 1.5 unit increase. The deterioration in rating for configuration
BC2 caused by Mp = -Lq = 2 and Ma/LSa = -L2e/M e = 0.25 was equivalent to
that for BC1 with the same coupling parameters. Also, no change in rating
occurred for BC2 when the signs of M~a and ! e were changed such that the
rate and control coupling compensated somewhat for each other.

Attitude rate coupling appeared to have a greater effect on rating than

control coupling for the levels considered in this study. The results in
Fig. 25(a) would tend to indicate that MIL-F-83300 should restrict rate

coupling to magnitudes less than about 1 per sec. Also, control coupling
ratios greater than about 0.25 should not be permitted.

b. Control Sensitivities

Both the longitudinal and lateral control sensitivities generally tended

to increase with rate coupling (Figs. 25(b) and 25(c)). The pilots apparently
felt they needed a more rapid attitude response to control the coupling

motion. Also, the control sensitivities for the 0.5 control coupling ratio
were slightly larger than those for no control coupling. However, as indica-

ted by the MIL-F-83300 reference lines (Fig. 25(b)), the longitudinal control

sensitivities for BC1 are within the specification (the maximum boundary is
well above the limits of the plot's ordinate scale). Also, the minimum bound-

ary for BC2 is even lower than that for BCl (not shown). The lateral BC1

sensitivities (Fig. 25(c)) for low rate coupling are somewhat lower than the
minimum boundaries. However, the pilots would have had no difficulty con-
trolling with sensitivities corresponding to the specification minimums. The
effect of rate and control coupling on control sensitivities is not specifi-

cally accounted for by the MIL-F-83300 paragraph on response to control inputs
(paragraph 3.2.3.2). However, the range of sensitivities permitted by
MIL-F-83300 is sufficiently large that the increase in Mae and L8a caused by

control coupling does not result in their exceeding the upper boundary.



6. Independent Thrust-Vector Control

Pilot ratings from the evaluation of longitudinal thrust-vector control
independent of aircraft pitch attitude (ITVC) are shown in Fig. 26 and
summarized under Cases LIl-LI15 in Table A-VII in Appendix A. Lateral ITVC
was not considered. The pilots were instructed to rate aircraft flying

qualities based on their ability to perform longitudinal-position control
tasks using thrust-vector-angle rotation with a minimum of pitch-attitude
changes. Note that for the other parts of the UARL program the pilots could
change the thrust vector to offset the effects of the mean wind acting

through the longitudinal drag parameter. However, he was not permitted to use

it for general position control. For the ITVC evaluation he was required to
attempt to control longitudinal position exclusively with thrust-vector-angle
rotation.

Two Level 1 configurations (BC1, BC4) and a Level 2 configuration (BC2)
were evaluated with ITVC.

For configuration BC!, with thumb-switch thrust-vector control and
control-stick pitch control and the thrust-vector angle displayed on the
contact analog (Fig. 26(a)), the best ratings obtained were nearly as good as
those for conventional thrust-vector control through attitude changes (PR =

2 tp 2.5 for BC1 with conventional control). The pilots did not find it
difficult to control aircraft position with the thrust-vector angle while
regulating attitude. The lack of extensive experience with ITVC may have been
the major reason for the slightly poorer ratings compared with those for con.-
ventional control.

Pilot B also evaluated ITVC (thumb-switch thrust-vector control) for
configuration BCl with only an instrument-panel display of thrust-vector
angle. For this case his rating was somewhat poorer because alternating his
attention between the contact analog and the thrust-vector-angle panel display
increased the difficulty of the control task. With the thrust-vector angle
on the contact analog (the cross symbol moved vertically on the right side of
thn screen to indicate angle) the pilot could derive both longitudinal posi-
tion and thrust-vector-angle information simultaneously. It should be noted
that a thrust-vector-angle display was essential to the performance of the
longitudinal maneuvering task. Without such a display longitudinal position
could not be stabilized. The pilots apparently controlled thrust-vector
angle as an inner loop and aircraft position as an outer loop. This is
similar to closure of the pitch-attitude loop as an inner loop for conven-
tional V/STOL aircraft control systems (Ref. 8).
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For configuration BC4 the best pilot ratings for ITVC with thumb-switch
thrust-vector control (PR - 4 for ? = 20 deg/sec, Fig. 26(a)) were slightly
poorer than those for conventional control (PR = 3 to 3.5). Configuration
BC4 (a high-drag configuration) is Level 1 but more responsive to gusts. The
larger position 'istrbances associated with BC4 appear to be the reason that
the best overall ratings for this configuration were assigned with T = 20
deg/sec. Rapid thrust-vector angle rates were needed to control position.
For BC2, the Level 2 configuration (with conventional control), the best
rating for thumb-switch ITVC (PR = 4) was slightly better than that for con-
ventional attitude control (PR = 4.5 to 5). Configuration BC2 is Level 2
because of its lightly damped attitude dynamics. It may be that control of
this configuration was improved with ITVC, because it was not necessary to
change attitude to move the aircraft longitudinally. As a result, attitude
motion was not excited to the extent that it was for the conventional control

system and the pilot's workload may have been reduced.

Results from the evaluation of stick thrust-vector-angle control and

thumb-switch attitude control are shown in Fig. 26(b). The thrust-vector-
angle change per inch of stick input (or sensitivity) was varied in this
study, but the rate-of-change of pitching moment from the thumb switch was

fixed at a predetermined satisfactory value. A 0.1-sec lag in thrust-vector-
angle response was also simulated. For configuration BCl this method of ITVC
was satisfactory (Fig. 26(b)), i.e., ratings were similar to those for thumb-
switch thrust-vector control. Recall that BCl has very stable attitude
dynamics and little attitude or position response to turbulence. However,
configuration BC4 could not be controlled with the stick ITVC and thumb-switch
attitude control system. This was due to the difficulty in controlling
attitude with the thumb switch for this gust sensitive configuration. The
pilot could not pay the necessary attention to attitude control and still
control position with ITVC. The result was eventual loss of control. The
same comments apply to this type of control for configuration BC2.

The UARL evaluation of thrust-vector control independent of aircraft
attitude indicates that it could be an acceptable substitute for conventional
attitude control, when properly implemented. For large aircraft with Level 1
dynamics the use of ITVC should provide eatisfactory flying qualities while
enabling the pilot to avoid pitch (or roll) attitudes that cruld lead to
ground strikes. For aircraft having large drag parameters (Xu. Yv) ITVC
would also enable the pilots to control position without the large attitude
angles that result for such aircraft with conventional position control
through attitude. However, the results from this study for an aircraft with
large drag parameter (BC4, Xu = Yv = -0.2) indicate that position control
for such aircraft remains moderately difficult even with ITVC.
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7. Rate -Command/Attitude -Hold Control

The attributes of rate-command/attitude-hold control are that it
(1) provides a pitch (roll) rate response proportional to pilox stick
commands, and (2) maintains aircraft trim attitudes while enabling the pilot
to center his control stick (see Section II.B.l.h. for background). Rate-
comma-id/attitude-hold control can be developed with a conventional rate and
attitude stabilized V/STOL, by inserting an integration between the pilot's
control inputs and the aircraft attitude response. However, to provide

satisfactory flying qualities the rate damping and attitude stabilization
must be increased to offset the phase lag introduced by the integrator. This
can be accomplished by increasing the damping ratio, , of the aircraft's
oscillatory roots (with rate damping) and increasing the natural frequency,
' n, of these roots (with attitude stabilization) beyond the attitude-loop

crossover frequency (c -- 2.5 to 3.5 rad/sec, Ref. 8). Representative effects
of changes in and wn on the magnitude and phase characteristics of the
open-loop pilot-pitch attitude (with no pilot compensation) transfer function
are shown in Fig. 27. These results show that increasing cn reduces the

phase lags near the crossover frequencies coc e 2.5 to 3.5 rad/sec (and,
correspondingly, the pilot lead compensation) more than increasing . Cases
LR1-LR!5 were evaluated in this study. Flying qualities results for the
case are listed in Table A-VIII in Appendix A.

a. Pilot Ratings

The pilot ratings in Fig. 28 for a configuration having the basic air-
frame dynamics (i.e., speed stabilities and drag parameters) of BCl show the

effects of both 4 and c)n for rate-command/attitude-hold control. Ratings
are shown in Fig. 28(a) for con = 2.80, 3.44, 6.30 and 7.4'0 rad/sec. Again,

the pitch and roll dynamic characteristics were identical. Several values of
were considered for con = 2.8 and 6.3. The data in Fig. 28(a) indicate that

for con in the region of the pitch- and roll-loop crossover frequencies, e.g.,
COn = 2.80 and 3.44, satisfactory ratings cannot be achieved even with

values approaching 1.0. However, for aon 6.3 satisfactory ratings resulted
for values of 0.5 and possibly lower. Configuration BC4 was evaluated with
two natural frequency values (cn = 4 and 5 rad/sec) different from those for
BC1 to provide a relatively complete map of the effects of natural frequency.
There is a significant difference between the moving- and fixed-base data for
BC4, but, again, ratings are better for the larger Wn" It appears, also, that
damping ratios in the neighborhood of 0.7 are probably necessary to insure
satisfactory flying qualities for these cn values. A rate-command/attitude-
hold control. system was also evaluated for hover and low-speed flight in a

previous Boeing study (Ref. 16). In that study an con of 5 rad/sec with -

0.9 resulted in good ratings for lateral flying qualities (PR = 2 to 3 for
the optimum control sensitivity) and unsatisfactory ratings were obtained for
cn = 2.5 rad/sec with = 0.9. These results agree fairly well with the

UARL data.
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Although the UARL pilots rated a number of the rate-command/attitude-

hold test cases satisfactory (LR4, LR6, LR8 and LRI5, Table A-VIII, in
Appendix A) their comments indicate that it provided no particular benefits

for hover and low-speed flight operation. For this type of flight the pilots
did not hold given aircraft pitch and roll attitudes sufficiently long to
appreciate the fact that trim attitudes could be maintained with the stick

centered. Also, the UARL study was conducted without stick centering forces
and small offsets from the stick null position resulted in attitude errors
when the pilots attention was diverted elsewhere. Finally, it should be

noted that the dynamic response portion of MIL-F-83300 (paragraph 3.2.2.1)
which stipulates the pitch and roll dynamics necessary for satisfactory

flying qualities does not apply to rate-comman/attltude-hold control. This
paragraph excludes pitch and roll dynamics having an aperiodic root at the
origin and admits oscillatory dynamics with = 0.3, providing (On is Z 1.1
rad/sec. The data from the UARL study show that rate-command/attitude-hold
systems are acceptable, although they have an aperiodic root at the origin.

However for them to be acceptable, their COn must be much greater than 1.1

rad/sec if is only 0.3. Of course, it was not intended that MIL-F-83300

should necessarily apply to rate-command/attitude-hold systems.

b. Control Sensitivities

Longitudinal and lateral control sensitivities from the rate-cowmand/
attitude-hold study are shown in Fig. 29. The control sensitivities increase

with (on but do not show well-defined trends with 1. The increases in Mae

and LSa with Con are to be expected, since'larger sensitivities are needed to
offset the restoring moments resulting from this large "spring constant".
Upper and lower boundary values for control sensitivity, computed from the
MIL-F-83300 requirements for control response, are shown in Fig. 29. 'Two

sets of boundary levels, corresponding to two different values of (on, are
shown for each of the configurations (BC1 and BC4) evaluated. All of the
sensitivities affected by the boundary limits shown lie within the acceptable
region.

8. Effect of Motion on Pilot Ratirgs for Longitudinal

and Lateral Control

TMe results of a comparison of pilot ratings for longitudinal and
lateral control from movine-base (MB) and fixed-base (FB) evaluations of
identical test cases are summarized in Table XI. There the FB-ratings for
the different test cases are categorized according to rating level, i.e.,
satisfactory, unsatisfactory, and unacceptable. The associated MB ratings
for the test cases in a given FB rating category are then listed according
to whether the MB ratings were better than, equal to, or worse than the

corresponding FB rating. The moving-base ratings were consistently no better

than, and generally worse than, the fixed-base ratings for the same test
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cases. This trend holds for all three of the FB rating categories. Rela-
tively high frequency pitch and roll control inputs must generally be used
to control longitudinal and lateral position properly. There may have been

a tendency for the pilots to make more abrupt control commands and also to
tolerate disagreeable attitude motions (observed on the visual display) more
for fixed-base operation. The addition of motion would have made the
pilot more aware of undesirable characteristics in test case dynamic re-
sponses. This effect could have overshadowed the benefits of added control
cues through motion and caused the poorer moving-base ratings.

TABLE XI

EFFECT OF MOTION CUES ON PILOT RATINGS
FOR LONGITUDINAL AND LATERAL CONTROL

Corresponding Movirg-Base Rating

Fixed-Base (FB) Better than FB Equal FB Worse than FB
Rating-Level, Number/Percent of Number/Percent of Number/Percent of
Number of Ratings Total Total Total

Satisfactory, 4/22 3/17 11/61

18

Unsatisfactory, 7/35 1/5 12/60
20

Unacceptable, 1/1", 4/66 1/17
6

B. Control-Moment Usage

The discussion of the control-moment usage data is presented in four
parts. In part 1 the effects of a number of aircraft, control system and
task parameters on pitch, roll and simultaneous pitch and roll control-moment
usage (as defined by the moment levels exceeded 5 percent of the time) are
described. These results were obtained from experiments'in which essential-
ly unlimited control moment was available to the pilot. Specifically, the
effects of turbulence intensity, aircraft speed stability and drag para-
meters, flying qualities level, control system lags, motion coupling, and
subtask are described. A comparison is also shown between actual simuxlta-
neous pitch- and roll-control-moment usage and hypothetical maxima al"! minima
for such simultaneous usage. These results provide insight into the degree
to which pilots make simultaneous control commands. In paxt 2 results from
the study of control-moment limits are dis, issed. The percent time that
total control-moment commands exceeded the installed limits are presented
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and correlated with the pilot acceptance of the limits. Parts 3 and 4 are
concerned with control-momer.t usage results for the unconventional control
systems considered: independent thrust-vector control and rate-command/

attitude-hold control, respectively.

In general, comparisons Ath the MIL-F-83300 specification for control
moments are not nade in the discussions of control-moment usage. There are
two reasons for this: (1) contrcl-moutent comparisons were already made in
the discussion of the flying qualities results for the control-moment limits
study (Section III.A.3) and, (2) the control-moment usage data are described
in terms of the 5-percent-exceedance levels which were shown to be lower
than the control-moment limits required for pilot acceptance (Section
III.A.3). However, the 5-percent-exceedance levels do provide a useful
measure for evaluating control-woment usage (see Section II.D.l.b.).
Additional control moment usage data are shown in Appendix E. Exceedance
plots based on control moment usage in the maneuvering subtasks are pre-
sented there which further illustrate the effects of a variety of aircraft
and control system parameters.

1. Effects of Aircraft. Conventional Control System and Task

Parameters on Control-Moment Usage

a. Turbulence Intensity

The effects of turbulence intensity (Oug = Grvg) are presented in Figs.
30 and 31 and also listed in Table C-I in Appen.x C. The data in Fig. 30
are for configuration BC1 which requires little pilot compensation or 'lead"
(Level 1) and is relatively unresponsive to turbulence. That is, the con-
figuration has a relatively high level of stability augmentation (Mq = Lp
-1.7 and MO = L4) = -I.2) and the stability derivatives which describe the
moments and forces caused by turbulence, speed stability and drag parameters,
respectively, are small (Mug = -Lvg = 0.33, Xu = v = -0.05). Figure 31
presents results for configurat.on BC6 which is Level 2, and more responsive
to gusts (Mug = -Lvg = 1.0, Xu = Yv = -0.20).

For configuration BC1 (Fig. 30) the moment levels corresponding to the
5-percent exceedance level generally increase with turbulence intensity for
all tasks, although there is appreciable scatter in the results. Also,
none of the 5-percent moment levels (pitch, roll, or combined) scale
linearly with turbulence. That is, there is a factor of about 2.4 increase
in rms turbulence intensity from 3.4 ft/sec to 8.2 ft/sec but the 5-percent
control-moment levels at 8.2 ft/sec are not 2.4 times as great as those for
3.4 ft/sec. The reason the control-moment levels do not scale may be that

the control inputs necessary for task performance and the pilot's inadver-
tent inputs form a biab 5-percent moment level upon which the turbulence

4+5



effects are superimposed. Of course, the 5-percent moment level for pitch

has an additional bias due to the 10 kt mean wind acting through Mu. This

bias moment is approximately 0.18 rad/sec.

The levels for configuration BC6 (Fig. 31) are significantly larger
than those for BC1. This is to be expected because of the greater response
of BC6 to gusts, maneuvering airspeeds and the mean wind. For example, the
bias moment in pitch for BC6 due to the mean wind is approximately 0.53 rad/

sec2 . The 5-percent roll control-moment levels for BC6 are generally some-

what smaller than those for pitch, probably also because of the increased
bias moment in pitch from the mean wind. In addition, the roll moment levels
for BC6 show more of a tendency to scale with turbulence than those for
configuration BC1. Turbulence has a greater effect on control-moment

requirements for BC6 than BC1 because of the greater response of BC6 to
gusts. Consequently, it might be expected that in the absence of signifi-

cant mean-wind effects, as is the case for roll, the control-moment levels

for BC6 would exhibit a greater tendency to scale with turbulence.

b. Speed-Stability Parameter

In Fig. 32 and Table C-1 in Appendix C, control-moment results are

presented for configurations BC5 and BC4 which show the effects of air-

craft speed stability (Mug, LVg). Both of these configurations have suffi-
cient stability augmentation to yield Level 1 flying qualitiei and each has
drag parameters of Xu = Yv = -0.2 per sec. Their speed-stability parameters
differ by a factor of three, however (Mug = -Lvg = 0.33 for BC5 and 1.0 for
BC4). The levels in Fig. 32 show an appreciable increase with speed sta-
bility for all three control-moment categories. For the individual-axis

control moments the increment due to increased speed stability is greater
for pitch where the effects of the mean wind are significant. Also, for
none of the moment categories does the change in the 5-percent exceedance

level scale directly with the factor of three change in speed stability.
This would tend to indicate that the control-moment levels required to arrest
and initiate position rates and those caused by random pilot inputs are
appreciable. if they were not, we might expect 5-percent levels to scale
with speed stability because the remaining disturbance moments due to maneu-

vering airspeed, the mean wind and turbulence all scale with speed stability.

It is interesting to note here, also, that MIL-F-83300 accounts, to an
appreciable extent, for the effects of speed stability on required control
moments. This is accomplished by stating that the required aircraft re-
sponse must be demonstrated at the airspeeds involved in task performance
(paragraph 3.2.3.1, Ref. 1). Also, in the control-moment limit study the
specification was found to be adequate for configurations having both large
(Mug = -Lvg = 1.0) and small (Mug = -Lvg 0.33) speed-stability parameters

(Section ITI.A.3).
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c. Drag Parameter

The change in the reference control-moment levels with drag parameter

(Xu, Yv) are shown in Fig. 33 and Table C-I in Appendix C. Configurations

BC1 and BC5 are identical except that the drag parameters for BC5 are four

times those for BC1 (-0.20 versus -0.05). The results in Fig. 33 show a
small general increase in the levels for configuration BC5 which has the

larger drag parameters. Increased drag parameters result in larger position

disturbances from turbulence. However, maneuvering position rates are

generally smaller because of the larger drag forces and these rates are
easier to arrest because of the increased position damping. The increased
disturbances due to turbulence would probably necessitate larger control-
moment levels while the other effects o! drag parameter should not increase,

and could reduce, the required control levels. That is, the attitude angles
and rates-of-change need not be as great to arrest position rates for
configurations with larger drag parameters. It appears then, from the

results in Fig. 33, that the effects of turbulence may have been domirant
since the 5-percent levels increased slightly with drag parameter. The
increase would appear to be relatively small, however, for a large change
in drag parameter. Certainly, the effects of changes in drag parameter are
less than those for the changes in speed-stability parameter that were

examined.

d. Level of Flying Qualities

The V/STOL Flying Qualities Specification (MIL-F-83300, Ref. 1) defines

three flying qualities levels. Level 1 flying qualities are "clearly ade-

quate for the mission," Level 3 are such that the "aircraft can be con-
trolled safely but pilot workload is excessive or mission effectiveness is

inadequate, or both" and Level 2 flying qualities lie between these extremes.
The control-moment usage data observed for configurations with Level 1,

Level 2, and Level 3 dynamic characteristics are shown on Fig. 34. Results

are presented th#;re (and also in Table C-I in Appendix C) for configurations

BC4, BC2, and BC3 (Level 1, 2, and 3 configurations, respectively), which
have identical speed-stability parameters (Mug = -Lvg = 1.0). The drag

parameters a-.e not identical for each configuration, but drag parameter has
a much sma]±er effect on the 5-percent control-moment level (Fig. 33).
There is a general increase in these exceedance moment levels for config-

urations which fall into the three flying qualities levels of paragraph
3.2.2 in Ref. 1 (Fig. 34) for all three moment categories. That is, as the
flying qualitiez are degraded through reductions in stability augmentation,
the control mc-iento used increase. This would indicate that stability
augmentation does a more efficient job of compensating the aircraft dynamics

and attenuating turbulence inputs than does the pilot. It would appear also
that the required levels of installed control moments are decreased with

improved aircraft flying qualities.
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e. Control System Lags

Control lags appeared to have little 3ffect on control-moment usage.

Five percent moment levels for configurations having control system lags

are shown in Figs. 35 and 36 (configurations BC5 and BC4, respectively).
These data are also sunmarized in Table C-II in Appendix C. The addition of

control lags to BC5, which is Level 1 and has low turbulence response,

resulted in a small decrease in the 5-percent levels for pitch and combined

control-moment usage, but the levels for roll do not show a consistent

change. The effects of control lag on the 5-percent levels for configura-

tion BC4 (Fig. 36) are even less consistent than those for BC5. Configura-

tion BC4 is also Level 1 but more responsive to turbulence than BC5.

f. Inter-Axis Motion Coupling

The effects of both rate and control coupling on the pitch moment

levels exceeded 5 percent of the time for configuration BC can be seen in

Fig. 37 and 'fable C-IV in Appendix C. Control coupling (MSa/L~a = LSe/MSe)

is treated as a parameter in the three plots of Fig. 37 which correspond to

different rate-coupling levels (Mp = -Lq). The effects of control coupling
alone are shown in Fig. 37(a) where Mp = -Lq = 0. These data indicate no

significant increase in Mc5 for a change in control coupling ratios from 0

to M~a/L~a = -L~e/Me = 0.5. Recall that for satisfactory pilot ratings
control coupling ratios should be kept below 0.25 (Section III.A.5).

Consequently, the results in Fig. 37(a) indicate that for acceptable levels
of control coupling, the control-moment usage is not changed significantly

from that for no control coupling.

However, the results in Fig. 37 shoe that rate coupling does influence

control-moment usage. By comparing the fixed-base data for no control

coupling across Figs. 37(a), (b), and (c), it can be seen that pitch

control-moment usage increases with rate coupling level. Rate coupling
levels greater than Mp = -Lq = 1 appear zo be unacceptable if satisfactory
flying qualities are to be achieved (Section III.A.4). The results in
Fig. 37 would indicate that such rate-coupling levels could result in

approximately a 10-percent increase control-moment usage.

g. Subtask

Four major subtasks were performed by each pilot during the control-
moment-usage study --- maneuvering or air taxi, quick stop, turn-over-a-spot

and hover. Two of these, the maneuver and quick-stop subtasks, could be

farther subdivided according to the direction (longitudinal or lateral) in
which the subtask was performed. The effects of each subtask on the 5-
percent control-moment-usage level can be seen in Fig. 38 and Table C-I in

Appendix C. These data were all obtained for the 3.4 ft/sec turbulence
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intensity level and with the iO-kt mean wind from the north. Note that the

aircraft was al~wys headed into the wind except for the turn maneuver.

The subtask for which the pitch and roll 5-percent exceedance level was

most often the largest was the quick stop (Fig. 38); the next largest values
were for the maneuvering subtask. The lowest levels (pitch and roll) were
most often recorded for hover and the next lowest for the turn subtask. The

quick stops involve somewhat larger maneuver rates than air taxi and these
rates are arrested abruptly. Consequently, it is not surprising that the
largest control moments were used there. Hover, on the other hand, generally

requires smaller control inputs and the pilots tended to make fewer inAdver-
tent inputs for this subtask. This was generally the situation for turn as

well, except that the pilots at Mti.s introduced large pitch and roll atti-

tudes for lightly darmpsd configurations, e.g., BC2 and BC3.

The combined contro.l-moment-usage levels are shown with the maneuver
and quick-stop subtasks divided into their longitudinal (x) ana lateral (y)

components. The lateral quick stops resulted in the largest 5-percent-
exceedance levels for combined usage and the next largest levels were used

for the lateral maneuvers. The combined usage for lateral maneuvering and

quick stops may have been larger than that for the same longitudinal sub-
tasks because the lateral subtasks required appreciable control moments
while pitch moments were also necrssary to compensate for the mean wind.

For the longitudinal subtasks pitch moments were needed to perform the

maneuvers in the mean wind but roll inputs were small. The lowest levels
for simultaneous usage were recorded for the hover task.

h. Simultaneous Usage

An indication of the pilot's tendency to make pitch and roll control
inputs simultaneously can be obtained by comparing the sum of the moment

levels used for the individual axes with the actual simultaneous usage

levels. If the 5-percent-exceedance moment levels for pitch and roll are
added, the resulting control moment is that level which would be exceeded

5 percent of the time if the pitch and roll control moments were used
simultaneously. The sum of these levels then represents a theoretical

maximum for simultaneous moment usage. Also, a practical minimum level for
combined usage can be developed if it is assumed that the pitch and roll

inputs are independent, i.e., that the pilot does not intentionally correlate

his pitch (ronl) inputs with the roll (pitch) control motions.

Curves representing the hypothetical maxima and minima for the simul-

taneous control usage 5-percent exceedance level are shown in Fig. 39 along
with the 5-percent moment levels for actual simultaneous usage. The results

presented for all six configurations are for the hover subtask only (Table

C-I in Appendix C). Similar data were not available in sufficient quantity
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for the other subtasks. The levels representing the upper curve indicate

the 5-percent moment levels which would occur if all the pilot's pitch and

roll inputs were made simultaneously. The points on the lower curve are the

square root of the appropriate sum of the squared 5-percent levels for pitch

and roll. That is, it was assumed that the pitch and roll control moments
were independent and could be represented by Gaussian probability distribu-

tions (the nearly linear curve for hover in Fig. 5 indicates that the

Gaussian assumption is reasonable). It can be shown, then, that the square

root of the sum of the squares of the individual 5-percent levels represents
the simultaneous usage 5-percent level. The remaining curve in Fig. 39
shows the 5-percent levels for actual simultaneous control usage. This

curve lies about midway between the two extremes. These results would

indicate that, for the hover subtask at least, the minimum total installed

control moment for both pitch and roll could be set somewhat less than the
sum of the maximum used for individual axis control. However, this total

level must still be greater than a level which would be satisfactory for
single-axis control.

2. Percent Time Control Moment Commands Exceed Limits

The control-moment limit study (Section III.A.3) was conducted to
determine (1) acceptable levels of installed moments for several V/STOL

configurations (BCl, BC4, BC5 and BC6) and (2) whether these limits

correlated with the 5 percent exceedance levels measured with unlimited
control moments. It was found in that study that control moments greater
then the 5-percent levels were needed for pilot acceptance. The results
presented here give some indication of the acceptability of installed con-

trol moments in terms of the percent time the total control command
actually exceeds these limits.

Figure 40 contains plots of the percent time total pitch and roll

control commands exceeded the installed moments during the maneuvering sub-

task versus the magnitude of the installed moments (Table C-III in Appendix
C). These maximum available control moments, C m, are stated as multiples

of the average moment levels exceeded 5 percent of the time with unlimited
available moments, CM5. Note that CM5 is different for each basic config-

uration. As would be expected, the percent time the total moment command
exceeded the installed moments decreased as CMm became larger. However,

the exceedance percentages become very small as CMm approaches those levels
needed for pilot acceptance (CMm 1.2 to 1.3 CM5 for BCI, t 1.0 CM5 for BC5

and - 1.2 to 1.3 CM5 for BC4 and BC6). For pitch control the exceedance
percentages at acceptable CMm range from about 1.5 percent (average fixed-
and moving-base results for BC1) down to almost zero. For roll control the

percentages are about the same magnitude. It would appear from these limited
results that for pilot acceptability, installed control moments must be set

at levels which will not be exceeded often in flight.
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3. Control-Moment Usage for Independent Thrust-Vector Control

Independent thrust-vector control might be expected to reduce the

requirements for control moments since it eliminates the need to change
attitude in order to maneuver the aircraft. However, control moments are

still required to attenuate the attitude response to gusts and trim the

moments due to airspeeds (developed from maneuvers and the mean wind) acting
on the speed-stability parameters. Pitch control-moment- and thrust-vector-

angle-usage data are listed in Table C-V in Appendix C.

In Fig. 41 the pitch and cor.trol-moment 5-percent exceedance levels for
ITVC and conventional pitch attitude control are piesented for configurations

BC1 and BC4. For both configurations the value of Mc5 for ITVC is consis-

tently somewhat smaller than that for conventional attitude control.

Exceedutnce computations were also performed on measured thrust-vector-
angle data from the study of ITVC (Table C-V in Appendix C). For the turn

maneuver with configuration BCI the 5-percent thrust-vector-angle exceedance

levels ranged from approximately 2 to 8 deg.

4. Control-Moment Usage for Rate-Command/Attitude-Hold Control

Pitch control-moment-usage results for the rate-command/attitude-hold

control system are shown in Fig. 42 for three values of the natural frequency
of the oscillatory dynamics (aon = 2.8, 3.44 and 6.3 rad/sec) and several
levels of the damping ratio, . These data are presented for test cases
having the basic airframe stability derivatives of configuration BC1. As

the damping ratio was increased for both on = 2.8 and 6.3 rad/sec, the

configuration became easier to control and the 5-percent exceedance moment
level decreased. However, for the two test cases yielding the best fixed-

base ratings (cn = 3.44, C = 0.87, PR = 4 and con = 6.3, t = 0.47, PR = 2.5)
the fixed-base 5-percent moment usage levels were still greater than the

corresponding levels for BC1 with conventional attitude control (see
Fig. 4i).
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SECTION IV

RESULTS OF HEIGHT CONTROL STUDIES

The height control results are discussed in two partf.. In part A, the
flying qualities data, i.e., pilot opinion ratings and control sensitivities,
are discussed and compared with the applicable paragraphs of MII F-83300.
In part B, the measured thrust-usage data are described. Background material
on the experimental design and procedures are contained in Section Ii. The
flying qualities data, pilot comments and measured thrust-usage results from
the UARL pilot evaluations are summarized in Appendices A, B and C, respec-
tively. Results from the Calspan pilot evaluations discussed in this section
are summarized in Appendix D.

A. Flying Qaalities Results

Four separate investigations were conducted during the height control
study. These investigations were concerned with (1) the effects of height
velocity damping with effectively unlimited thrust-to-weight ratio, (2) the
interaction between height velocity damping and thrust-to-weight ratio,
(3) lags and delays in the thrust response, and (4) incremental thrust
through stored energy.

1. Height Velocity Damping

a. Pilot Opinion Ratings

The effects of height velocity damping, Z., on pilot opinion for effec-
tively unlimited thrust-to-weight ratio, T/W> 1.15, are presented in Fig. 43
and summarized in Table A-IX (Cases HZ1 through HZ4 and HZ25 through HZ28).
Data are shown in Fig. 43 for one Calspan pilot and two UARL pilots. The
Calspan pilot evaluations were conducted with no simulated winds and with
the simulator in the moving-base mode, while the UARL pilot results were
obtained for fixed- and moving-base simulator operation and the standard

wind simulation (lO-kt mean wind from the north and 3.4 ft/sec gusts along
the aircraft x and y body axes). The configurations simulated during these
evaluations were BC1 and BC4 which both have Level 1 longitucdipal and
lateral flying qualities. The ratings from all three pilots are unsatis-
factory (and quite similar) for less damping than aoout Z = -0.35 per sec.
For Z. = 0 the ratings ranged from 8 to 10 and the pilots all commented
that stabilizing aircraft vertical motion was extremely difficult. They
also indicated that it would probably be impossible to perform any other
task, such as a lateral air taxi, in addition to controlling height (see
Appendix B, Table B-VIII). The improvement in rating wvith increased levels
of height velocity damping correlates well with the associated reduction in
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requirements for pilot lead compensation. The phase lags in the height

response to height errors are shown in Fig. 44. Pilots must compensate for

these lags at frequenbies important to closed-loop height control (0.5 to
1.0 rad/sec; Ref. 7). It is apparent in Fig. 44 that the lead requirements
diminish writh additional Z.

The specification for minimum height velocity damping (!aragraph 3.2.5.4)
indicates that, for effectively unlimited T/W (T/Wtl.l0), satisfactory

height control characteristics can be obtained with Zw = 0. The results in

Fig. 43 indicate that the flying qualities are unacceptable without height
velocity damping. If the pilot's only task were to control height he may

be able to stabilize the altitude loop with Zw = 0. However, the UARL
results indicate that if he is also expected to perform tasks involving

longitudinal, lateral or directional motion, altitude errors of at least
±20 ft could be expected. In addition, the precision with which the other

tasks could be performed would be seriously degraded by the attention which
would have to be given to height control.

b. Collective Control Sensitivities

Pilot-selected control sensitivities from the investigation of height

velocity damping are shown in Fig. 45. The sensitivities change little with
Z. although there is a tendency for them to become larger as damping is
increased. The minimum permissible MIL-F-83300 boundaries for collective
control sensitivity are also plotted in Fig. 45. These boundaries are
stated in terms of achieving a climb rate of 100 ft/min 1.0 sec after an
abrupt 1-in. control input. Consequently, the boundaries increase as the

damping is increased. The control sensitivities from this study all lie
well within the allowable range, but they are much closer to the minimum
boundary than the maximum. The maximum permissible collective control
sensitivities range from Z6c = 12.5 to 18.1 as Zw changes from 0 to -0.8.

2. Interaction Between Height Velocity Daping and Thrust-to-Weight

Ratio

Figure 46 contains results which demonstrate the interaction between
Zw, T/W and pilot ratirgs. These data are also listed in Table A-IX,
Cases HZ through HZ28. In Fig. 46 pilot ratings are presented on a plot
of total height velczity damping, ZWT, versus T/W. Similar plots of the

results from other height control studies were used to formulate height
control power requirements for MIL-F-83300. The data on Fig. 46 were
obtained for UARL and Calspan pilots and for fixed- and moving-base flight
simulator operation. The basic configuration evaluated was BCl. For most
of the data points, ZW consisted of equal parts of aerodynamic (Zw ) and
SAS (Zws) height velocity damping. However, as indicated in Fig. )4 some

of the cases were evaluated with either Zwa or Zw (but not both) set to
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zero. It should be noted that Zs is provided only within the available
T/W. That is, thrust used for damping is instantaneously unavailable for
control. Also shown in Fig. 46 are Level 1, 2 and 3 boundaries for height
control power from MIL-F-83300.

A definite trade off between the effects of T/W and on pilot opinion

is indicated by the results in Fig. 46. For example, as T7W is increased
at constant ZwT, ratings generally improve. Conversely, as the damping is
increased for a given T/W, rating also generally improves. These effects
tend to justify, to some extent, the shape of the MIL-F-83300 boundaries.
However, the data in Fig. 46 are not in complete agreement with these
boundaries. One notable exception occurs for the Level 1 boundary at T/if
1.10 where the UARL results would indicate that total damping greater than

-0.25 is necessary for satisfactory ratings. That is, the boundaries in
Fig. 46 imply that a T/W>l.lO is required for a satisfactory rating at

0T = 0. However, the results shown previously in Fig. 45 indicate that
even an "unlimited" T/W will not provide satisfactory ratings for ZWT = 0.
The UARL data would indicate, then, that another boundary line which
excludes damping levels smaller than -0.25 should be added to Fig. 46. If
this boundary were present the UARL data would also support the movement
of the line separating Level 1 and 2 regions to the left. That is, it
appears that for a given ZwT less T/W is needed to place a cc ifiguration in
a Level 1 category than MIL-F-83300 requires.

The interaction between aerodynamic, Zwa, and SAS, Zws, height velocity
damping shown in Fig. 46 merits discussion. A decelerating force which is
proportional to descent velocity is available to arrest sink rates in air-
craft which have Zw . Such force may have an appreciable effect on height
control for aircraf with limited installed T/W. This increased decelerating

force is not available in aircraft with only Zs. Ratings showing the
effects of Zwa and Zws, with T/W as a parameter, are presented in Fig. 47.
For all the cases shown, the total damping was ZWT = -0.25, but the relative
amounts of Zva and Zws were varied. For T/W = 1.02 it appears that the
improved ability to arrest sink rates resulting from increased 47a had a
significant impact on flying qualities. As Zwa was changed from 0 to -0.25,
pilot rating improved by two units. As T/W was increased the decelerating
force from Zwa became less important since the pilot had sufficient T/W to
adequately ascend and arrest descents. This is reflected in the smaller
change in rating over the same Zwa interval for the larger T/W values. In
fact, the moving-base ratings for T/W = 1.10 show almost no variation with

3. lags and Delays in Thrust Response

The effects on pilot rating of first-order lags and a 0.1-sec delay in
the thrust response are presented in Fig. 48 and Table A-X (Cases HL through



HL8). Two values of lag time constant, 'h = 0.3 and 0.6 sec were evaluated
at three levels of ZT: -0.25, -0.35 and -0.50. The thrust-to-weight ratio
was held constant at 1.05 and configuration BC1 was used for the longitudinal
and lateral flying qualities. Except for ZwT = -0.50, rating deteriorates
with increasing Th. The decrement appears to be related to ZwT as well as
the change in Th (Fig. 48). That is, rating is somewhat less sensitive to
Th for the higher damping levels. The upward shift in the curves with ZWT
is expected since the phase lag in height response at any given Th, and
hence the pilot's lead compensation, decreases wit. increasing damping (see

Fig. 44). Note also, that the addition of a 0.1-sec delay had little effect
on rating (Fig. 48). Pilot rating for ZWT = -0.35 ith dh = 0.1 sec and
Th = 0 is equal to that for no delay, and for Th = 0.3 the rating with a

0.1-sec delay is only a half unit poorer than for no delay.

The specification for lags in thrust response (paragraph 3.2.5.2) is
phrased in such a way that, with no delays, a first-order control lag time

constant of up to 0.3 sec is permissible. For a dh = 0.1 the specification
would permit a lag of rh ; 0.2 sec. The UARL data in Fig. 48 would indicate
that the specification is reasonable, providing the aircraft has a ZWT of
at least -0.25 to -0.35 per sec. This is the range of minimum values of

damping found to be acceptable in the height control studies with no lags.

The previous results (e.g., Fig. 43) would indicate that for ZWT = 0,
Sh 

= 0.3 would be completely unacceptable. Also, the specification does

not account for the reduction in phase lags contributed by Th or dh, and

the associated improvement in rating, which can be achieved with increased
levels of ZwT. This effect is illustrated in Fig. 48 and is discussed in

detail in Ref. 7.

4. Incremental Thrust Through Stored Energy

The effects of incremental thrust through stored energy (see Section
II.A.2.d for background) were investigated with a height control configura-
tion that was unsatisfacto ry without the stored energy contribution. How-

ever, the longitudinal and lateral dynamics were quite easy to control
(configuration BC1). For height control the installed T/W was only 1.02

and ZWT = Zws = -0.35, i.e., the pilot had no additional decelerating force
from Zwa when descending. Without the incremental thrust from stored energy,
height control was unsatisfactory (FR = 4). The change in rating was evalu-
ated for incremental thrust-to-weight ratios of AT/W = 0.13 and 0.28 and for

decay time constants of r4 = 0.05, 0.10 and 0.20 sec (Cases HSl1 through H5,
Table A-X). With AT/W = 0.13, an improvement in rating was not evident until

= 0.20 (Fig. 49). For the larger thrust increment, AT/W = 0.28, a general
improvement in rating occurred for 7, = 0.10 sec. For both the AT/W = 0.13,
r, = 0.20 and AT/W = 0.28, T = 0.10 combinations, the ratings improved by

about one unit to PR = 3.0. For effectively unlimited T/W, the rating was
2.5. The results indicate that for 7 values which might be typical for
helicopters, i.e., 7 = 0.10 to 0.20 sec, the effects of incremental thrust
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through stored energy can be significant. It should be noted, also, that

for height control the pilot probably does not use the stored energy effects

to their fullest a'.vantage. Height control generally involves low-frequency

control motions; consequently, the stored energy in the rotor system is not

used as often as it is for pitch and roll control.

5. Effect of Motion and Pilot Ratings for Height Control

Fixed-base (FB) and moving-base (MB) pilot ratings for height control

are compared in Table XII. The FB ratings for the different test cases are

categorized by general rating level (satisfactory, unsatisfactory and un-

acceptable). The associated MB ratings are then tabulated according to

whether they were better than, equal to, or worse than the FB ratings. The

results in Table XII are mixed and only for the unsatisfactory FB rating

TABLE XII

EFFECT OF MOTION CUES ON PILOT
RATINGS FOR HEIGHT CONTROL

Corresponding Moving-Base Rating
Fixed-Base (FB)
Rating Level, Better Than FB Equal FB Worse Than FB

Number of Ratings Number/Percent Number/Percent Number/Percent
of Total of Total of Total

Satisfactory,
1/25 1/25 2/50

4

Unsatisfactory,
5/72 1/14 1/11

7

Unacceptable,

0/0 2/100 0/0
2

category is a definite result indicated. For this category the moving-base

ratings were generally better than the corresponding fixed-base data. It

would appear that motion helped in the control of these more difficult test

cases. It may be that the motion was more beneficial for height control

than for longitudinal and lateral control because the visual display provides

less information on height error than it does for these other two axes.
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Consequently, motion cues would have helped more for height control. This
effect may not have been evident for unacceptable FB ratings because the
rating scale becomes less sensitive to such effects due to its implicit non-
linearities for the unacceptable region. That is, for test cases which are

very difficult to control the differences between 7 and 8 or 8 and 9 ratings

are not easy to establish and pilots tend to rate such cases similarly.

B. Thrust Usage

Thrust-usage data were obtained which show (1) the effects of Z.,
(2) the percent time that pilots attempted to exceed the installed thrust-
to-weight ratio, and (3) the effects of lags. The thrust exceedance results
were computed using only the pilot and total thrust commands for which
T/W >l. These are the collective inputs which are used to accelerate upward
and to arrest sink rates. Also, thrust usage levels are given in terms of

incremental thrust-to-weight ratio, i.e., (T/W-l).

1. Height Velocity Damping

The effects of total height velocity damping, ZW, on the level of incre-
mental thrust-to-weight ratio exceeded 5 percent of the time are shown in

Fig. 50 and listed in Table C-VII. Results are shown for both the collective
command, Z6c*6 c, and the total thrust command, Z6c. 6 c + Z-s-w. Three levels
of ZwT (0, -0.25 and -0.5 per sec) were evaluated for effectively unlimited
T/W (T/W >1.15). The data in Fig. 50 show that ZwT has a significant effect

on the 5-percent exceedance level, (T/W-l)5 . The 5-percent level for

=0 is as much as six times that for ZwT of -0.25 or -0.5. Obviously,

the stability augmentation system makes much more efficient use of the
installed thrust tnan the pilot. Also, there generally seems to be little
difference between the exceedance levels for ZwT = -0.25 and -0.50. It
would appear that increasing ZWT above what is a minimum satisfactory level
(e.g., ZWT - -0.25) does not lead to significant changes in thrust usage.
Note also that for relatively well damped cases, ZWT = -0.25 and -0.50, the
largest thrust levels are used for the landing sequence. This is to be

expected, since for this subtask the pilot intentionally makes several large
altitude changes. For ZT = 0, however, large thrust levels are used for

other subtasks in which t~e pilot is merely attempting to maintain constant
altitude. Normally, large values of (T/-l) are not needed for such control
if the height dynamics are acceptable to the pilot.

2. Limits on the Installed Thust-to-Weight Ratio

The effects of limit s on the installed thrust-to-weight ratio are dis.
cussed in terms of the percent time pilots attempted to exceed the incre-
mental T/W available. The collective control was not physically constrained
at the thrust limits for this study. The thrust limits were evident only

in the way they affected height control. Consequently, if the pilot felt he
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needed more thrust, he tended to move the collective lever accordingly,
whether or not the installed T/W had been exceeded. Results are presented
in Fig. 51 for two levels of ZWT (-0.25 and -0.50) with T/W as a parameter.
For ZwT = -0.25 (note that -,h = 0.3 for the T/W = 1.05 data) the two types
of commanded thrust, Z6c. 6c and Z6c. 6c + Zws.w, both exceeded the T/W = 1.02
level a large percent of the time. Fifty percent was not uncommon for
Z6c. 6 c and 20 percent was typical for the total commanded thrust. However,

the percentages for TAT = 1.05 were much sialler. More often than not, the
T/W = 1.05 level ims never exceeded. The results for ZWT = -0.50 show the
same trends, but the percent time a given level is exceeded is smaller. For
example, the maximum percent time that T/W = 1.02 was exceeded for any sub-
task was 30 percent. Also, the only time that TW = 1.05 was exceeded was
for the landing sequence and the percentage there was relatively low. These

results provide another example of SAS making more efficient use of thrust
than the pilot.

3. Thrust Response lags

Some limited data showing the effects of an acceptable first-order lag
in thrust response (Th = 0.3) axe presented in Fig. 52. For these results
ZWT is -0.25 and T/W is 1.10. The 5-percent exceedance levels axe generally
somewhat larger for rh = 0.3 (and appreciably larger for the y-maneuver
subtask) than for the no lag case. However, these data axe too limited to
permit the conclusion that significantly more thrust is needed for height
control systems with lags.
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SECTION V

RESULTS OF DIRECTIONAL CONTROL STUDIES

The results of the directional control studies are presented in two

parts. Pilot ratings and pilot-selected control sensitivities are discussed

and compared with applicable paragraphs of MIT-F-83300 in part A. In part B
the measured yaw control-moment data are discussed. Background information
related to the directional control experiments is contained in Section II.
The flying qualities data, pilot comments, and control-moment data are
summarized in Appendices A, B and C, respectively.

A. Flying Qualities Results

Three different studies were conducted during the dizectional control

program. These studies consisted of evaluations of the effects of (1) yaw
rate damping, (2) control system lags and delays, and (3) limits on yaw
control moment.

1. Yaw Rate Damping

Pilot rating is plotted versus yaw rate damping level, Nr, in Fig. 53(a)
for configurations BC1 and BC2. Note that these ratings are for directional
control only. Three vaLues of N. (0, -0.5 and -1 per sac) were evaluated at

Nv = 0.005. Pilot rating was marginally unacceptable (PR-6.5) for Nr = o
and marginally satisfactory (PR = 3.5 to 4) for Nr :- -0.5. Ratings improved
to about 2.5 with Nr = -1 for both BC1 and BC2. Recall that BC2 has Level 2
longitudinal and lateral characteristics and such dynamics result in an
increase in overall pilot workload. It might have been expected, therefore,
that a degradation in pilot rating of the directional flying qualities could
result. However, this was not the case. The reason for the improvement in
rating with damping level can be interpreted in terms of the pilot lead
compensation necessary for good closed-loop directional control character-
istics. As for height control, the directional lead compensation require-
ments are related to the open-loop phase lags of the directional dynamics
(and the pilot dynamics) in the frequency range of 0.5 to 1 rad/sec (Ref. 7).
These phase lags are shown in Fig. 54. It is apparent that the need for
lead compensation is diminished as Nr becomes more negative.

The MIL-F-83300 requirement for directional damping (paragraph 3.2.2.2)
states that for Level 1 flying qualities the yaw mode must be stable with
a time constant no greater than one sec. This is approximately equivalent
to specifying Nr = -1 for Level 1 flying qualities and the UARL results in
Fig. 53(a) show that satisfactory ratings result for such a value. The
data also indicate that a somewhat lower damping level of about -0.5 per sec
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TI
may provide satisfactory directional control for NV = 0.005. However, the
value of Nv can be larger than 0.005 for hicopters and V/STOL aircraft.
Since directional flying qualities generally deteriorate with increasing Nv

(Ref. 7), the Nr = -1 Level 1 requirement appears reasonable.

Control sensitivities selected by the pilots during the yaw rate damping
study are shown in the following list along with the minimum and maximum
values permitted by MIL-F-83300. The UARL data from the two pilots and the
moving- and fixed-base evaluations have been averaged.

MIILF- 83300
UJARL Boundaries for Nr

Nr  N6r Minimum .ximum

0 0.207 0.210 o.804

-0.5 0.236 0.244 0.935

-1 0.299 0.282 1.o80

The UARL control sensitivities almost match the lower boundary values from
MIL-F-83300 and, consequently, they are well below the upper limits for Nr.

2. Control Lags and Delays

First-order lags in yaw response to the pilot's pedal inputs having
tire consca.ts of 7jp = 0.1, 0.3 and 0.6 were evaluated with and without a
0.1-sec time delay. Two values of Nr (-0.5 and -1) were used with configura-
tion BC! providing the longitudinal and lateral dynamics. Pilot ratings
from these cases are shown in Fig. 53(b). There is a consistent deteriora-
tion in rating with lag time constent fr-- both Nr = -0.5 and -1. Also,
the APR due to the different Nr values remains about the same for all 7'
i.e., the ratings for Nr = -1 are consistently about 1 unit better. The
additicn of the 0.1-sec delay did not change the ratings significantly
(Fig. 53(b)). The effect of the lags and the different Nr values can once
more be rationalized in terms of the required pilot lead compensation. The
phase lags encoun+ered in directionai control. increase withro which in turn
increases the requirement for pilot lead compensation and this causes pilot
rating to deteriorate. Increasing the damping level, Nr, reduces the phase
lags and thereby improves the pilot's ,rating at a given value of

The results in Fig. 53(b) show that for a Level 1 value of Nr (_l),
first-order lags with time constants of up to T= 0.3 are acceptabie. The
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specification for directional control lags (paragraph 3.2.4) is written in

terms of an allowable time within which the initial maximum yaw acceleration
must occur (t'* 0.3 sec). The value of t. for the lag cases evaluated
(with and withou d, =0.1 sec) with Nr  -l are su ized in the following
list.

Nr dIp %ax P-R

-1 0.1 0 0.24 3
0.1 0.34 2

-l 0.3 0 0.51 3.5
0.1 0.61 3.8

-1 0.6 0 0.86 4.8
0.1 0.96 4.7

Without delays the specification excludes 77 = 0.3 (tmx 0.51>0.30)
although this test case was rated satisfactory. Also, the specification
permits a 0.1-sec delay which the UARL data indicate is reasonable. How-
ever, if dq, = 0.1 is present a 0.1-sec increment is added to tmax. As a
result, some combinations of d and 71 which are acceptable to the pilot,
e.g., -r= 0.3 and dj = 0.1 are made to appear even more unacceptable in
terms of the MI-F-8300 requirement. That is, t'max = 0.61 for T7p= 0.3
and do = 0.1 which is twice the allowable tmax value (0.30), yet the
averaged rating for this case is almost on the satisfactory boundary
(PR = 3.8). The control lag specification (paragraph 3.2.4) assumes that
the time to maximum angular acceleration limit of 0.3 sec is applicable
to pitch, roll and yaw motion. It was shown previously (Section III.A.2)
that this requirement is adequate for first-order lags in pitch and roll
response. However, it appears that a longer time to maximum angular
acceleration is appropriate for yaw.

3. Control-Moment Limits

Yaw control-moment limits were evaluated to determine acceptable values
of installed yaw moment for the UARL task. The total yaw control moment
was limited, but pitch and roll control moments were effectively unlimited.
This evaluation was conducted :'or two values of Nr (-0.5 and -1 sec) with
configuration BC1. The reference value for yaw moment was the average
level exceeded 5 percent of the time for the turn subtasks conducted during
the turbulence intensity study (Nc5 = 0.10). Note that this value of Nc5
was appropriate onLy for configuration BC1. Larger values were recorded
for other configurations (see Section III.A.3). Pilot ratings from this
study are presented in Fig. 55. For the Level 1 value of Nr (-1) an
installed yaw control moment of Ncm . 3 Nc5 was necessary for pilot
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acceptance. With Nr = -0.5 the required value for Ncm was considerably
larger (s 1.6 Nc5 ). If nominal lateral maneuvering velocities of 15 ft/sec
are assumed, MIL-F-83300 requires that the installed yaw control moment be
approximately 0.31 rad/sec2 . This level is well in excess of the 0.13 rad/sec2

found to be necessary with configuration BCl. However, as mentioned pre-
viously, the levels of yaw control moment used vaied among the different

Level 1 configurations (FT, = 0.175 for BC4 and 0.15 for BC5). If it were
assumed that for configuration BC4 the required installed Ncm - 1.3 Nc5 ,
then NCm would have to be 0.228 rad/sec2 . This value is also less than
the 0.31 rad/sec2 specified by MIL-F-83300.

4. Effect of Motion on Pilot Ratings for Directional Control

Fixed-base (FB) and moving-base (MB) pilot ratings for directional con-
trol are compared in Table XIII. The method of comparison is similar to

TABLE XIII

EFFECT OF MOTION CUES ON PILOT
RATINGS FOR DIRECTIONAL CONTROL

Corresponding Moving- Base Rating
Fixed-Base (FB)
Rating Level, Better Than FB Equal FB Worse Than FB

Number of Ratings Number/Percent Number/Percent Nuber/P rcent
of Total of Total of Total

Satisfactory,
2/40 1/20 2/4o

5

Unsatisfactory,
5/62.5 1/12.5 2/25

8

Unacceptable,

1/100 0/0 0/0

that described prev.ouzly for the height contr.l ratings. The effect of
motion on the rating results is also quite similar to those for height con-

trol. That is, motion had little effect for satisfactory FB ratings, but
improved the ratings for test cases which were more difficult to control
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(i.e., those which were rated unsatisfactory and unacceptable with no motion).
As for height control, the reason for the improved ratings wibh motion may
have been the improved cues which resulted for heading. This effect would

be eoxpected to be more significant for heading control than fol ic.nitudinal
and lateral control. This is because the visual display provides much
better control cues for longitudinal and lateral control than for directional
control.

B. Control-Moment Usage

T!wo of the three investigations related to yaw control-moment usage

were based on data obtained with unlimited yaw moment available. The
effects of Nr and control lags were evaluated in these two studies. The

third study was concerned with the percent time the total yaw control
conmand exceeded the installed moment. Only results for the turn subtask
were considered in the control-moment-usage investigations. Very little
yaw control moment was used for the other subtasks.

1. Yaw Rate Damping

The effects of Nr on the 5-percent yaw moment exceedance levels are
displayed in Fig. 56(a). As was the case for pitch, roll and height con-
trol, the 5-percent level for yaw moment decreases with increased damping.
Again, it is apparent that with increased levels of stability aagmentation,
more efficient use is made of the available control moments.

2. Control Lags

The percent-time reference yaw moment levels were exceeded was computed
from the moment data for T, = 0.3 with N1r = -0.5 and for Tr = 0.3 and 0.6
with Nr = -1. The moment levels exceeded 5 percent of the time are presented
in Fig. 56(b). For both levels of Nr there was a significant increase in
the 5-percent-exceedance value, Nc5, when a first-order lag of 0.3 sec was
added to the control system. A further increase in Nc was observed for a
lag of 0.6 sec. The increase in Nc is approximately ;0 percent for the
addition of 'r = 0.3 sec with Nr = -1. The results in Fig. 53(b) indicate
that this combination yields satisfactory flying qualities. If satis-
factory levels of control lag can cause this large an increase in the yaw
control-moment usage, it would appear prudent not to change the IILF-83300
specification for installed yaw moments. Without control lags the MIIF-
83300 requirements appeared somewhat larger than the yaw control moments
found necessary for pilot acceptance in the UARL studies (Sections V.A.3
and III.A.3).
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3. Control-Moment Idmits

The percent time that total yaw control-moment commands exceeded the
installed moment limits are showr. in Fig. 56(c). These percentages were
computed from yaw control-moment-usage data for the moment limit values
evaluated in the study discussed in Section VA.3 (Ncm = 1.0 1c5 1.3 5
and 1.6 Nc5 where ,c = 0 10). .As would be expected, the percentages de-
creased as the installed yaw control moment increased. Also, these results
show that the yaw control-moment level which was acceptable to the pilots,
Ncm = 1.3 Ic , was exceeded 5 percent of the time. Recall that the refer-
ence, N 0.10, mas the averaged 5-percent exceedance moment level for
all the Lata measured during the turn subtask in the turbulence study
(Section. II.A.1), when essentially unlimited control moment was available.
The larger 5-percent level from the yaw limit study, Ncm = 0.13, may have
resulted from the pilot's tendency to hold in large pedal inputs which
exceeded the yaw control-moment limits. This was done in an attempt to
command ircreased yaw control moment. For unlimited yaw control moments
available the aircraft responded to these large inputs and the pilot did
not hold the pedal command as long.
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SECTION VI

SUMM.RY OF PRINCIPAL RESULTS AND
RECOMMENDATIONS FOR FURTHER RESEARCH

A. Flying Qualities Results Pertaining to the Development of NIL-F-83300

1. Longitudinal and Lateral Control

a. Turbulence Effects

The Level 1 requirement for V/STOL pitch, roll and yaw dyna-mic response
(paragraph 3.2.2) appears to provide aircraft dynamics which remain quite
controllable for nominal increases in turbulence intensity. Pitch and roll
control sensitivities selected by the pilots at the largest turbulence in-
tensities considered (0%g = tvg 

= 8.2 ft/sec) remained well within the
specification boundaries (paragraph 3.2.3.2) and were much closer to the

minimum required levels than to the maximun limit. These results and pre-

vious UARL experience would indicate that the upper control sensitivity
limits would result in aircraft response which might be difficiLlt to control.

b. Control. Lags and Delays

The specification for control lags (paragraph 3.2.4) adequately separated
unsatisfactory levels of first-order lags in pitch and roll control response
from those which did not significantly degrade pilot ratings for Level 1 con-
figurations (i.e., those that met the Level 1 requirement of paragraph 3.2.2
of MIITF-83300) evaluated in this study. Pilot ratings also show that per-
mitting a 0.1-sec delay in control response, as the specification does, is
reasonable. However, limited results for second-order control lags indicate
that the specification may not be sufficiently general to apply to second-
order control lags. Control sensitivities selected in this study were gen-

erally near, and sometimes below, the minimum MIL-F-83300 boundary. It may
be appropriate to lower both the minimum and maximum control sensitivity
boundaries somewrhat.

c. Control-Moment Requirements

The pitch and roll control-moment requirements from MII-F-83300 (para-
graph 3.2.3.1) generally equalled or exceeded those levels found to be
necessary in this program for the Level I and 2 configurations considered

(without control system lags or delays). Also, the specified control
moments were generally not excessive. The addition of control system
lags and delays increased the 2ontrol moments found to be necessary for
satisfactory ratings, and the wording of paragraph 3.2.2.l also provides
for This effect. However, the specification ccrtrol-moment requirements

may be excessive for control systems with acceptable lags.
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d. Control Momen's Through Stored Energy

It appears that rotor-propulsion system angular momentum can be used
to offset, to some extent, deficiencies in the installed control moments.
However, additional research is required before consideration can be given
to accounting for its effects in MIL-F-83300.

e. Inter-Axis Motion Coupling

Pitch and roll rate coupling and control coupling can cause an appre-
ciable deterioration in V/STOL flying qualities. Results from this study

indicate that rate coupling levels must be no larger than = 1 and/or
Lq = -1 per sec for satisfactory flying qualities. Control zoupling ratios

should be limited to I4a/L6a and/or LJe/Me less than about 0.25. The

control sensitivity specification does not have to be changed to account

for motion coupling.

f. Independent Thrust-Vector Control

Thrust-vector control independent of aircraft attitude can be an
acceptable substitue for conventional attitude control when properly

implemented. For large aircraft with Level 1 pitch and roll dynamics, the
use of ITVC should provide satisfactory flying qualities while enabling

the pilot to avoid pitch (or roll) attitudes that could lead to ground

strikes. For aircraft having large drag parameters, ITVC would enable

pilots to control position without the large attitude changes and trim atti-
tude angles that result for such aircraft with conventional position con-.

trol through attitude. However, position control for such aircraft would
remain moderately difficult, even with ITVC.

g. Rate- Command/Attitude- Hold Control

It appears that rate-command/attitude-hold control as mechanized in
this study provides no particular benefits over conventional rate and atti-
tude Ltabilized control systems for hover and low-speed flight operations.
Also, the dynamic response portion of MIL-F-83300 (paragraph 3.2.2.1) does

not define characteristics which provide satisfactory dynamic response lfor
rate-comrand/attitude-hold control systems. However, the specification for
control sensitivities (paragraph 3.2.3.2) joes encompass those sensitivities
needed with rate-command/attitude-hold control.

2. Height Control

a. Z. and Thrust-to-Weight Ratio

There is a definite interaction between ZW, T/W and height control
flying qualities for T/W less than about 1.05. This result supports to
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some extent the method used in MIL-F-83300 to specify Z. and T/W (paragraph
3.2.5.1). However, MIL-F-83300 permits Zw = 0 for T/WzI.I0, but results
frora the UARL program indicate that a minimum Z. = -0.25 to -0.35 is
necessary for Level 1 height control. Also, if this Z. level is present,
it would appear that the T/W boundary separating Level 1 and 2 flying
qualities could be reduced. Height control sensitivities from this study

were within the specification limits (paragraph 3.2.5.3) but were much
closer to the minimum boundary than the maximum.

b. Lags and Delays in Thrust Response

The specification for lags and delays in thrust response (paragraph
3.25.2) appears reasonable in view of the UARL results. However, it does
not account for the ability of increased Zw to compensate for lag effects.

c. Incremental Thrust Through Stored Energy

Results indicate that the effects of incremental thrust through stored
energy can alleviate, to an extent, deficiencies in installed thrust. How-
ever, these data are presently too limited to permit consideration of changes
in MIL-F-83300 to account for its effects.

3. Directional Control

a. Yaw Rate Damping

Results from this program indicate that the directional damping para-
graph in MiL-F-83300 (3.2.2.2) which requires Nr = -1 for Level 1 flying
qualities is reasonable. Also, the pilot-selected yaw control sensitivities,
N6r, almost matched the lower boundary values from paragraph 3.2.3.2.

b. Control Lags and Delays

The control lag specification (paragraph 3.2.4) should be modified to
permit a longer time to attain maximum yaw acceleration, t x. For accept-
able control lags and delays, t;Arx was as much as twice the MIL-F-83300
limit (0.3 sec).

c. Yaw Control-Moment Requirem-'.s

The specification for yaw control moment (paragraph 3.2.3.1) requires
control moments which are without exception larger than those found to be
necessary in this program. However, the yaw control-moment requirements of
the specification do not appear to be excessive.
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B. Control-Moment Usage

1. Longitudinal and Lateral Control

Pitch and roll control-moment usage increases with turbulence intensity.
However, the increase does not scale directly with turbulence intensity,
apparently because there is a minimum level of control-moment usage which
exists without turbulence due to the moment requirement for task performance,
trim of the mean wind., and inadvertent pilot inputs. Speed stability is the
aircraft/control system configuration parameter having the greatest effect
on control-moment usage. The change in the 5-percent-exceedance moment
levels for a threefold increase in speed stability was much greater than
that for a factor of four change in drag parameter. Drag parameter may not
have to be a consideration in the development of control-moment criteria.
The change in control-moment usage with speed stability was also greater
than that which resulted whea aircraft pitch and roll dynamics deteriorated
(accomplished by reducing the level of stability augmentation) from Level 1
to Level 3. Control-moment usage increased with decreasing level of augmen-
tation which confirms that stability augmentation systems make more efficient
use of control moment than does the pilot. Control lags had little effect
on pitch and roll control-moment usage, and it may be possible to eliminate
them from consideration in the development of control-moriient specifications.
Pitch and roll control coupling also had little effect on control-moment
usage, but usage did increase with pitch and roll rate coupling.

The low-speed flight task required of a V/STOL aircraft has been shown
to have an appreciable effect on control-moment usage. The 5-percent-exceed-

ance moment levIs for the quick stop are as much as 1.5 times as large as
tiiose for hover. The expected task must be accounted for when defining
requirements for installed control moment. Also, the installed total moment
for pitch plus roll control must Le sufficient to account for simultaneous

control usage by the pilot. It cannot be assumed that pilots make independent
pitch and roll control inputs.

Finally, it appears that specifying levels for installed control moment
by requiring that they equal those levels which the pilot would be expected
to exceed 5 percent of the time is not acceptable. However, it may be that
acceptable installed control-moment levels would correlate better with those

levels exceeded a smaller percent of the time.

2. Height Control

Thrust usage decreased with increased levels of height velocity damping.

Lags in the thrust response increased thrust usage; this contrasts with the
effect of lags on pitch and roll control-moment usage. With satisfactory
levels of Zw, instal3ed thrust-to-weight ratios of 1.05 were seldom exceeded

and T/W = 1.10 was never exceeded.
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3. Directional Control

Yaw control-moment usage decreased with increased yaw rate damping for
the values of yaw rate damping tested, i.e., 114,<!.0. Moment usage increased
with lags in the yaw response to control inputs, however.

C. Effects of Flight Simulator Motion Cues on Pilot Ratings

For longitudinal and lateral control the addition of flight simulator
motion resulted in poorer pilot ratings than those assigned when the same
test cases were evaluated without motion. This trend was evident for all
cases, regardless of their flying qualities, i.e., whether or not they had
been rated satisfactory, unsatisfactory or unacceptable without motion.
For both height and yaw control, however, the addition of motion generally
resulted in improved ratings for test cases which were rated unsatisfactory
or unacceptable without motion. For cases rated satisfactory fixed base,

the addition of simulator motion appeared to have little effect on the
pilot's rating of height or directional flying qualities.

D. Recommendations for Further Research

It is recommended that the following research be conducted to obtain
information pertinent to the further development of MIL-F-83300.

(1) Additional fixed- and moving-base flight simulator studies of
control-power usage should be conducted. In these studies, the significance

of aircraft, control system and task parameters would be further evaluated
and the control-power specification would be tested in more detail.

(2) The ability of rotor-propulsion system stored energy t-., 'ompensate
for limits in installed control power should be investigated in more detail.

(3) Additional unconventional control systems such as on-off (bang-
bang) control and velocity-vector (TAGS) control should be evaluated to
determine their attributes. Modifications to MIL-F-83300 to extend its
coverage to these systems must be explored. Independent thrust-vector con-
trol should also be examined in more detail; it appears to be a promising
concept, but was only given limited study in this program.
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Figure 2. United Aircraft Corporation V/STOIJ Aircraft Flight Simulator
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Figure 3.Contact Analog Display for Hovering and Low-Speed Maneuvering Task
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SIMULATION UARL NORAIR

SIMULATOR MODE FB MB MB

SYMBOL 0 0 M

o g 0 v9 3.4 FT/SEC Um = 10 KTS FROM NORTH

*SEE NOTE ON LEVEL DESIGNATION SHOWN ON FIG. 1

00 SATISFACTORY

I-

3- 0

z -- - --

tr ID

0 5 -UNSATISFAC'I ORY

.

Be1 BC4 BC5 BC2 BC6 BC3

LEVEL 1* LEVEL 2* LEVEL 3*

UARL BASIC CONFIGURATION

Figure IL Comparison of Averaged Pilot Ratings from. UARL and Norair
Simulations for Similar Configurations
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SUTS MA OS TIJ HOV

CONFIGURATION OCi PILOT B Ug % 3.4 FT/SEC

(a) PITCH CONTROL MOMENT, MCJ (b) ROLL CONTROL MOMENT, ILC
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S60 60
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ul60~
u
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40
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ui20
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L

2

0 0.2 0.4 0.6 0.8
REFERENCE CONTROL MOMENT LEVEL - RAD/SEC 2

FIGURE 5. Representative Ebceedance Plots Showing the Ef±'ect~s of Subtask on
Control- Moment Usage
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TURBULEN.CE INTE:NSIT Y -

INTERVAL 3 4-5.8 5 R-?.2 3.4-8.2

SIMULATOR MODE FE MB FB IB F B-- B

SYMBOL _. a

LEV,-L APPLIED TO BASIC CONFIGURATIONS ONLY DUE TO PARAMETER VARIATIONS,

THE LEVEL SHOWN GENERALLY DOES NOT DESCRIBE FLYING QUALITIES 0= TEST CASES,

4

0-

3 A

cr

0

z

0

0 -

-1 1 .. I ,
BC1 BC4 BC5 BC2 BC6 BC3

LEVEL 1* LEVEL 2* LEVEL 3*

UARL BASIC CONFIGURATION

Figure 8. Effect of Pi-ch and Roll Dynamics !,evel on Degradation in Pilot

Rating with Turbulence Intensity
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- FREQUENCY,wo RAD/SEC

F~igure 9. Power Speectrum of Open-Loop Attitudle R~sponse to Simulated
Turbalenee for Basice Conf'igurati.ons
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rigure 10. Power SpectrLn of Open-Loop Position Response to Simulated

Turbulence for Basic Configurations
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LAG TIME CONSTANT INTERVAL 3-0.3 0.3-0.6 0-0.6

SIMULATOR MODE FB M BI F M B FB
SYMBOL 0 • 0 i & .

LEVEL APPLIES TO BASIC CONFIGURATIONS ONLY. DUE TO PARAMETE1 VARIATIONS, THE
LEVEL SHOWN r' 'NERALLY DOES NOT DESCRIBE FLYING QUALITIES OF TEST CASES.
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Figure 17. Magnitude and Phase Characteristics for Pilot-Pitch (Roll)
Open-Loop Dynamics with Second-Order Control Lags
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o PILOT B, FIXED BASE, CONF. 13C1

NATURAL FREQUENCY OF SECOND-ORDER LAG,
e Wna= 3.33 EXCEPT WHERE INDICATED

IDENTICAL LAGS PRESENT IN BOTH PITCH AND ROLL
CONTROL RESPONSE

L SATISFACTORY On e ona = 8.23

0

&

z- 5 UNSATISFACTORY

-

UNACCEPTABLE

I.-

0.2 0.4 0.6 0.8 1.0
DAMPING RATIO OF SECOND-ORDER LAGS, e

Tigure 18. Pilot Ratings for Second-Order Lags in Pitch and Roll Control Response
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BASIC CONF. BC1 BC4 I c5 BC6

SIMULATOR MODE FB MB FB MB FB MB FS MB
q

SYMBOL 0 * 1 0 0 0

FIVE PERCENT EXCEEDANCE LEVELS, CM 5 FOR PITCH, ROLL, AND YAW, RESPECTIVELY WERE:

BASIC CONF. BC1 BC4 BC5 BC6

PITCH ,MC 0.330 0.820 0.380 0.890

ROLL, LC5 0.380 0.605 0.360 0.750
YAW, NI 0.110 0.17550

'a) LEVEL 1 CONFIGURATIONS FOR UNLIMITED CONTROL MOMENTS

0 l
u. A

z 0
C.)

< <L

a.. Z '
ur 7 A

gz-
21- I,_.. L I I I I I I I

0.8c 5  1.0iM 5  1.2C 5  1.4CM 5  UNLIMWTED

MAXIMUM CONTROL MOMENT AVAILABLE, CMm - RAD/zSEC 2

(b) LEVEL 2 CONFIGURATION FOR UNLIMITED CONTROL MOMENTS

1, , 3

S0

z3
0

I-

. 7

0 8C ' '5 1 0C 'M 5  1.2 C"M5  1.4C M 5  UN LIM ITED

.- MAXIMUM CONTROL MOMENT AVAILABLE, CM mT - RAD/SEC 2

Figure 21. Pilot Rabing Results for Control Moment Limits
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LAG TIME CONSTANT rera 0 re  0.3 re =a 0.6

SIMULATOR MODE FB MB FB MB FB Ma

ISYMBOL 00 0 A A

0.1 SEC DELAY IN CONTROL RESPONSE FOR ALl. TET CASES

CM 5 : AVERAGED 5PERCENT EXCEEDANCE MOMENT LEVELS FOR PITCH. ROLL, YAW

(a) BC1 CM5  0.330, 0.380, 0.110 RAD/SEC 2 FOR PITCH, ROLL, YAW, RESPECT!VELY

I I

U.

-In4 3.-

I- <r< 0

I- i
LL 5

A

.7
0.8C'M5  1.0C-M5  1.2CM5  1.C 5  UNLIMITED

MAXIMUM CONTROL MOMENT AVAILABLE, CMr' - HAD/SEC
2

(b) BC5 C5 
= 0.380, 0.360, 0.150 RAD/SEC

2 FOR PITCH, ROLL, YAW, RESPECTIVELY

0-

c.

(n 5

z

7

0.8CM5  1.0M 5  1.2CV 5  1.M5 UNLIMITED

MAXIMUM CONTROL MOMENT AVAILABLE, CMm - RAD/SEC
2

Figare 22. Pilot Ratirgs Shoving the Effectb of Control Moment Limits with

First-Order Control System Lags
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M8a/Lba - L6 e/M6e 0 0.25 0.50

SIMULATOR MODE FB MB FB MB FBI MB

SYMBOL 0 ± I I AA

CONFIGURATION BC1 EXCEPT WHERE OTHERWISE INDICATED

* CONTROL AND RATE COUPLING EFFECTS ADDITIVE, I.E., CONTROL

INPUTS CAUSE ATTITUDE RATES WHICH INDUCE
COUPLING MCTIC, IN SAME DIRECTION AS CONTROL COUPLING,
UNLESS OTHERWISE NOTED

DASHED LINES INDICATE MIL-F--83300 MINIMUM SENSITIVITY BOUNDARY. SEE NOTE ON FIG. 12.

(a) PILOT RATING

3
a:

z

SBC2C2

BC2,

BC2. M6 a/L = -0.2

COUPLING EFFECTS
COMPENSATE*

9 I I

0 12 3 4

ATTITUDE RATE COUPLING, Mp = -Lq., PER SEC

(b) LONGITUDINAL CONTROL SENSITIVITIES, M5e (c) LATERAL CONTROL SENSITIVITIES, LS

0.5 BC2-~ 0.5

2 0.4 z 0.4- C2
u..

o C4

wj L
0.3-- 0.3-

I t ~ al~a Iw 0.20.2 -BC2. M 1L 6  a-0.25 I BC2,M 8 /L a -025

1 a 8a
Cco 0.1

0.1 -

0 2 4 0 2 4

ATTITU"E RATE COUPLING, Mp -Lq, PER SEC

Figure 25. Effects of Inter-Axis Motion Coupling on Pilot Rating and

Control Sensitivities
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(a) SPEED-STABI LITY AND DRAG PARAMETERS OF CONFIGURATION BCI
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, ~~~Figure 28. Pilot Rating Results for a Rat,'-Oomn nd/Attitude-odonrlSse
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Figure 29. Control Sensitivitias from the Study of Rate-Command/Attitude-

Hold Control
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BASIC CONF. sc ... Bi I C4 I GC5 B 'C6 ..

SM. * 0 0 I A 0

CM5: AVERAGED 5-PERCENT EXCEEDANCE MOMENI LEVELS FOR PITCH AND
ROLL WITH tJNLiMTED CONTROL MOMENT AVAILABLE

(a) PITCH CONTROL

,,°lo,

r >u 8 -

0C) < 6-

'J N " L !,0 -

ac-w 2

2 0.8'5 1.OCM5  1.2CM 5  1.40T.5
MAXhIMUM CONTROL MOMENT AVAILABL.E,

CMm -RAD/SEC 2

(b) ROLL CONTROL

a 10
a: w

8

00 -4 6-

w0 e
I-x 4-

2) w 2

0. 0
"1.ocM 5 .2& 5  .c5

MAXIMUM CONTROL MOMENT AVAILABLF,
CMm - RAO/SEC

2

Figure 1O. Percent Time Total Moment Command Exceeded Installed Pitch and

Roll Control Moments for Flight with Limited Available Moments
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PILOT CALSPAN B* UARL
SIMULATOR MB F

MODh .

SYMBOL 1 C3 M

X NO SIMULATED WINDS FOR CALSPAN PILOT EVALUATION

(a) CONFIGURATION BC1, T/W > 1.15
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&i
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7
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(b) CONFIGURATION BC4, T YW > 15
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I--

UNACCEPTABLE

0 -0.2 -0.4 -0.6 -0.8 -1.0
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Fligire 43. Charge in Dilot R .'birg of Height Control -with Height Velocity Damping
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Figure 45. Height Control Sensitivity Results Showing the Effects

of Height Velocity Damping
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Figu.e 47. Comparisor, of' Pilot Rating Results for Aerodynarcic Versus
Stability Augmentation Syster Height Velocity D1irpiing
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PILOT B
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Figure 49. Change in Pilot Ratings Which Results from
Incremenbal Thrust Available Through Stored Energy
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(a) EFFECTS OF YAW RATE DAMPING, Nr
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Figure 55. Effects of Yaw Control-Yloment Limits on Pilot Rating
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APPEa1DX A

SUMARY OF FLYING QUALITIES DATA

FROM UARL PIIOT EVALUATIONS

This Appendix contains a detailed tabulation of the flying qualities
data (pilot ratings and pilot-selected control sensitivities) obtained from
thme S4g 1im ny- tora1!vatin j+ TJt .. -ilot_-

Table A-I identifies the studies conducted in the UARL program and lists

the parameters for the cases evaluated in each investigation. It also pro-
vides a key to the tables which summarize data in Appendices A, B and C.

Tables A-II through A-VIII list results from the longitudinal and lateral
control studies in the following sequence: A-II, turbulence effects; A-III,
control lags and delays; A-IV, control moment limits; A-V, control. moments

through stored energy; A-VI, inter-axis motion coupling; A-VII, independent
thrust-vector control; and A-VIII, rate-cormand/attitude-hold control. Fly-

ing qualities results fiom the height control studies are listed in Tables

A-IX and A-X as follows: A-IX, velocity Lamping and thrust-to-weight ratio

interactive effects; and A-X, thrust lags and delays and incremental thrust
through stored energy. Finally, pilot ratings and pilot-selected sensitiv-

ities from the directional control studies are summarized in Table A-XI.

Preceding page blank
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TABLE t-I

SUIVMARY OF PARAIN=9'a~ FOR CASES EVALUJATED AM)
KEY TO TABLES SUMMARMINGC ATA

P: Indicates Parameter Vfaried During Study F: Control Sensitivity Fixed

S: Uontrol Sensitivity Selected by Pilot UL: Unlimited
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APPEndIX B

SUW RY OF PILT COMFMTEqS FROM
UARL PILOT EVAWATICUS

This Appendix presents edited pilot comments for the flight simulator
t.est cases evaluated by UARL pilots. The comments are tabulated for each
case according to the subtasks performed by the pilots. For each subtask,
comments were solicited according to the questionnaire shown in Table IV.
Pilots also made additional comments as they felt necessary.

The comment tables parallel the flying qualities data tables of
Appendix A. That is, for each data table in Appendix A there is a corre-
sponding comment table in Appendix B. The comments from the longitudinal
and lateral control studies are summarized in Tables B-I thrcugh B-VIII as
follows: B-I, turbulence effects; B-II, control lags and delays; B-III,
control-moment limits; B-IV, control moments through stored energy; B-V,
inter-axis motion coupling; B-VI, independent thrust-vector control; and
B-VII, rate-command/attitude-hold control. Pilot comments for the height
control test cases are sunwmwrized in Tables B-VIII and B-IX. Table B-VIII
contains velocity damping and thrust-to-weight ratio. Comments from the
studies of thrust lags and delays and incremental thrust through stored

energy are shown in Table B-IX. The pilot comments from the directional
control studies are summarized in the last table, B-X.

I



TABLE B- I

PILOT COM04TS FROM THlE STUDY OF TURBULL10CE fEMSITY

Flying Qualities Results Given in Table A-Il

3.. 0t ft/- ou.I . -1- -11
01000'err -U w &_ Ieek0l0

* t~i 402 wla t. J.*. .' . 40)4w o

am~f 0.1 2 I Uo.. g.0et e-. ^e.1. Will2 fhVeer~w.*- it.4 00101 totu cm eee.0l. 'e 1. 00.20 L . i2-e w* in..to 0o
0.40. Uwn0 w LotC~IC Ifeo£1t, L"2,0 tt..lt. Bt lt0000 M0 0.,. Ouw -.t We* ~or O-

2'In

I.6 201 sewe'i4 a.. .- 11214 0 .f- . 4 C i c. .10 4-1~t

I ~ ~ ~ ~ ~ ~ ~ , We titee.421 0f ti ttti.*000

00 anl ... ua 10.10 W_ e0. UU--~vrea e~

12 C 100) 7 Seo ~lw.10, tfwly 00 .f i. 0.200001 00 02 ~te .. ~ o OlCiti

0. weo*ennt 1i3w8~o ~ -It4.ot~w .0.Oti. tww0i. t~w.too000100 *t
2 t ow. ..4 t S1 .Wabt .044-Stl Clittle ffti. 10t00,005 &t00 nowo 0..IIIU3 o~tth. eT e t 031. 20 o. .,. n t. 1 4.010 *llllto o tO. nb.gl 10.. it000.00.la t. 10.*0062

.44.11 ~~~C 01.02 W. 0~) o000
2

=2 0.0. Wt -'l 0*0 '. .. I I040 oti to

A 1 04. 2. 1 000t b .00 tlot 0 Willtt 20 *0-01 , h wroia 1- ~00 - 1to1 &Uot: 0.0000 sey.2 00uw o Kfieee .014.: 004 0

A ., tot n~j. en totnJo ~11~t00 .. : 00 . Ifre.,2O#

I~ ~ ~ ~ ~~~~~~~~~~W IF 1 t'o~ On.00.01 .111~ S o * 00 1t 014ii C.'0.-i 1 21...0 I 0-ot 01). Vt t1 -tlo.1 -000 -
I 00. t00110102.0100 lt..o l~. .0.00V30.o1 O t

0  
011.03 02 220 ,~ ta y!.. o~10O lot. fee I.

1.110" ___ Fel e 0011000100I
ery.00 ei.0.4 tto1 -'af A10 t O w.44 1100 ,143

I, ? r..l_ C.14t~o I.0 -ft001~ ,4O.0 t 001 0711.
1w~~~~~~~t.. ~ ~ ~ ~ i . ?000e-tg.1e.0AeeO0000 to1twl 20 4.02' 010104 S

2 f0.otlto. .0. (0 0100 t~lo. .0 02 .00. I ~i li. ot 010 111) .1. 10. 0tlO.l00100I10I... 11 0?aI0*

I q Lf - o.I lotiw. -.0 00-0. , 1.001 423A.2 00rd 0-V0 00 .00 . ,w~e .0 01104420 ot4-1*0

1. 0,0* oo -1..b~02 o Itl ro* ~ ~ n. 1 e. t. .~t. oo lo.et. be -e

o 0 I~....00.00 .. 0.. 00.*010.00 120410.
1
0 100

0
00.00I.0uee 0

oo00. 000 000 I0 *0 . .... too 00W..4 o U00110 0SOy t0lp

"I I I

10.10010---- .............. 0000000



IleTABLE B1- (Continued)
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TABLE B-I (Continuied)
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TABLE B-I (Concluded)
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TAB T B_ II

PILOT~ COMvMENTS FOM THE STUDY OF LOIGIWUDI1 AND
LATEMAL CONlTROL SYSTEM IAGS AMD DEAYS

Flying Qwlities Results Given in Tabole A-III

316. raa a al , botS bo . . i til 06.0.. 006060, 7.1%. lo0006 160000.00 0006 600 Y4 -Italy -1. 1

W NCI 3170.21% 1 .0 0001 10 way "a0 6076.1 00Y wi No 1.01.0 "Wr ".or S G iso. z ow.. 01 .~. ~. .10 a, td. 0.00600 attitas O.V10 loa Im-06 01. 5146ad Us1 oltI 0 00 06l.o066 . 60.7Vdo1..

- - -. _ _ _ ... " allot_ ale, 0... 6 01 00.60066 04. bill.- -.0.13.10

0.330 .5 W0ta 0.0 a60. 1"I,0 Allo bu actA04. 01.100". C."0 pr- 600k 4. -0.70 to W.- A00,U .0090,04.1 moo7 &±.fad' 00Iow66

-~~~~~~~t _ roo .1100 6066000 004016. 1.-0 -101 coi .10o 0161 146la ft" 4000. .34"mw -w 0.1i -011 -. m o.. oo.0. 040 op-. law 1

I 061 o o f606 .100.4 w 0t 1 0.4u .0011 4M 610000Sotal 0 41"t001. 0006. 04646.7to
6 4110000.1 . .o .at .ft 0. 0 oi.00 1 . tah -A0 6

;X13 Its0 3.355 0 1.1.00. to at- 46610 T "I000. to. re"00106boa. A0. ftNoma o0. 1-1416 0600Utaly -V Hd- 60 .. - Ulm a.6600.. mod 11600. 80400100
006060 1600 6004 lat 6-d110 601060. 0.006 r03 06.66' e7* 4 40v.0 -21 .1 .4 - -. 7

0.352 br .000 -1000 OW7 to 10101.- 01.0001. 00 01. 016 m 0Inti1 .0&-l0 to -.0001 lavat. I-,0 go to00* t00r.

006101.. 0601 atop .14 h010

I10. 1.), 6,61 m011000 0bo-6

&I's 0.3r 3 661.000100601 t AL, lad1 -0 00.4 -6 0 .. 0.1d W-0 00030 p lt 650 3006 0 N o l b700 ,0 00.. ".. 'oy L .60 "t01 a1 07000.

tottoo "ttado06... 06go .1 006t &I . 4-1. Itolo -,1000.. to 000.-Ma . Ito. -20.1d0

4t010031o. 6116.0 1660600 to .6 'abI,7 00 - 61. ooo..o 16.0.706
-. 1110t* 0..40f! -*o o t. 0 1.0011.0.00o .11, 10 tba.1.o. .0.061
w40to -waa0.63O001lo I. m t 661000 to 00 001 466*this7100010

&M0 0. Yq3 cal~0. t00o 00 00. 0004. 14C 160,10 Paw air 0 la 06 .. 010661 1.6,0.6 lama06 610 067 0000010 mu,6 0601000

*).8F opa6 t 00 b 00000060 616600 -Ur= 6 am661004. 0600. 3606 00o110 100111m6 ProlllO b001 1.01.0..00. o1p- 00 16000 600c
0~~~as Pi100 o000 ol01100ota. aff001.01o010 o 00*0001 * -A100 to4 000000 10.10106 W-0600. 140tr 000ot 00066 100001, .60000 6011 -I"1. 0.0010

t0 10 0 l. 0,0 r. 1. rat.6000000 "00.6So 0106 tilt 0060, I 1..06. %ft'~ 'wk 1000 not1 00. Mu000 t10d4-,". %0__ 1.%__ P_____ 134=_-2 1&. 11p
601~ ~ ~ ~ ~ ~ ~ ~ ~~~" 60070.160 461lat.0 000610. 6700101..- al o1006401136.

.1. "..0. 00 a.0 ft".6.0416

0.1.66. 01 00It a 0.01146 1 01 .0 . 00 4-9 6 666l 0.- Wt 760.1 0100000110. 4007100±0 to 601130
604 600004460. 4661,od00060Ion. a1t,010. 10616010.00.01.
1.11040t.0 10 0064 ~6. 701 00106 .000

00 0*0~~~b . D"'.t t00 o o 6.00 0.000040, 066p6.6 0066

15 W71 a.06 0.296 2 1. t to61.0 6a0 100, 0. boNb 0W0600 0.01 0ai 6o1a. em0 sop00 lt 0000 0610.a 306. 0.0006403 W",0 0*6 P000.M6.,00 P.4 "0 00 010l o
0.5 t- fa A At*hd oao, w000 001100.0 var L.7 -mr 'oll 00*66 tax.0.00060080.a

0.3 00.04 6000 0.0060.1 "0. W4 0. PIN. 10.4 60 vial6il0 10,6.06 0064 b Itto 60

1ill. 0M16 -Pa-t600
vary 00.100"*t0.6.6.0

0.6 660 6ir00af0 06.666 106661.. 00760 00.0 - 6W0 0100 6a. ft-0. 00.00 010. th00.0 00. 00g
t100 00014 06,6063,10 ll a 6.31..b atbW 61p. 60606 0001610 W0 06000f004 .701 60-06t Al.
too,0-0wd .040101010Mid0 ha016 Pal.0 oo - I,. 0066..

606 tud 611.4600.000b6.60 76010 600.

6.ou 10 10-4t11-01 P-6111., IF .00.001. Da0000 0003300. 0ha0 00014 0.0.0 .0000 ~60 0.0, to 1 1-01 001111.
0.1 060064=6.0 aa .3010603wal. 1600 0064061000. 666600 60610. 0.100. 006101.. Va06.01 10.4 %I-60.0006076"IF
0.too .613Y MU 00111001-4 10m t046 1011 0,4000 61.. L 106 .00.10 70060666100 ao46'o
.116000 0160 0.0 4107000 to P0100.60..1 .61
am.. 0.06000.0 00001.. b06*00 .000001

10 . 6 00.0..
3'..0-a ba 0a," .8

146

0 00 0~ 0.0 0 A



TABLE B-II (Continued)
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PITCH CONTROL MONMT THlROUGH STOREXD MGY
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TA72 B-V4

PILOT COMME-NTlS FROM TME swMJnY 0' LONGITUDANA
AMD LATERAL INTER-AXIS MOTION COUPLING

Flying %aitiles Results Given in Table A-VI
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BLE B-VI

PILOT~ Co*S THE STUY OF LONGMU DINAL k
fIDEa IMHUST-VECTOR CONTROL

Fli~rng ( Alities Results3 Given in Table A-VII
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TABLE B-.VII

PILOT COMMINTS FROM TBlE STUDY OF, LONGITUDAL AND
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Flying Q~ilities Results Given in Table A-VII
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TABLE B- X (Concluded)
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APPMIDIX C

SUMMARY OF CO. TROL-POiER-USAGE DATA

Control-power-usage data, which generally consist of the control power
levels exceeded five percent of the time, are listed in this Appendix. For
some of the studies concerned with confrol-power limits, the percent times
that the control power command exceeded these limits are also presented.
Data are shown in this Appendix only for selected test cases, i.e., the
exceedance computations were not performed on all the cases considered in

the UARL program.

The control-pwer-usage data tables also generally parallel t e tebles
in Appendices A and B. Control-moment date from the longitudinal t rd lateral

control studies are sunmarized in Tables C-I through C-VI as follows: C-I,
turbulence effects; C-II, control lags and delays; C-III, control-moment
limits; C-IV, ir..r-axis motion coupling; C-V, independent thrust-vector
control; and CI I, rate-command/attitude-hold control. TIrust-usage data
from the height control study are presented in Table C-VII. Results from

the studies of the interactive effects of height velocity damping and thrust-
to-weight ratio and thrust lags and delays are shown there. Control-moment-
usage data from the directional control studies are contained in the last
table, C-VIII.

Preceding page blank

179



TABLE C- I

PITC .) -- LL AND YAWI COTROI'- MOM LEVELS CED D 5 ERCiT
OF THE TIME FROM THE STUDY OF TUI.BULE NCE fMTFNITY

Vertical and Direc'ional Parameters Listed in Table A-I
See End of Table for Exlantion of Notes

[ta bil ity I -{- 4
- a sic Derivatives lence, Sub-_ Pilot A Pilot B PIlo't B

Lolf. H , ___ _ A
05 5 5 L :IC 5

1 ' 0.33"'0.385. _

. 0.3 1-81 03 s.45 j0.35 0.39 __

o,7 0.22 0.38 10.10 .58 107 0.43

- 0.33 -omo -1.7 -4.2 3.4 xqs 0.314 0.39 03 C.0 3.30 0.42

_ ___V0 j3fo _5
____ .14 05 0.58 0.70 0.-32 0.50

.U 0.2$ 10.30 0.450.07" 033 0.48 0.64 .005 0.28 0.28 0.'.2 0-08

OV 0.26 0.22 0.43 0.31 0-35 0.57 . .-o.0.23 0.47

-T-- --

I I~' .40 .0-5
72 j M 0.39 j 0 .57

- 0.33 -0.05 -1.7 -4.2 5.8 XQS 0.48 0.58

2..E o.73

BC1 HV 1 .7 0.620 1.08

i i7 -~0.3,7 0.44 0.6310.15

I y.y 0.48 0.78 0.11 0.70 0.43 1 0.63

T3 Y 0.46 o.66, 0.57 A.80 ~ 0.34 0.61

-0. 0.05 -. -.2 2 XqS 10,144 o.621 0.56 0.87 0.44 0.60

EMi INS 0.73 0.85 o.48 0.811 0.38 0.65,

T .7 0.4 . 00 o.4 0.0! 0.37 0.25 0.52 0-07

HOVi 0.143 0.30 0.60 1.38 0.38 1.56 j 0.3$ 0.301 0.60
V 0.40 o.4,( 0.39 C.50 0.2 9 0.43

Tq 4 0.39 0.57 0.39 0.58029 0.15

0 0.!,3 -0-20 -1.7 -4.2 3.L xqs 0.53 ~ 067 0 .45 105 0-704

BSY;I 0,63 0.72 10.54 l07,3 10.34 0.53

11 0. 190S655 01 035 .81056 0U 0.290o.20 0.4003 7

110 0 5 0. -9 .. .0. 44 0.3 9 o.6 0.2 9_... 0.p 0. 7

xm 0.88 1.15 C.85 1.05 0.97 1.17

75 7)4C-7 0.50 10.156 1.14

- 1.0 -0.20 -3.0 -1.7 3.4 Xq3 0.69 13 0.89 1.7 0.0 107

Bc4 yosI .0.87 11.5-8 0.49 1.03 I0.48 1.,5I 1 0.73 0.65 1.M0 .10 0.42 0.73J 1.12 0O.13 0.76 0.48 0.911 0.05

- -- - 1"'IV 0.83 0. 4l4 6J ~ 0.50Oj 0., :,142 1.15
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TABLE C-I (Concluded)

Case Fixcd ase MovI B\e
° tabhlity ur- Pio A PL Pilot Bilot SMnlc Aerlvatlve j- fence, -b-
Ccnf. Mu 5 'It 5e 5 5*5 ,

Vk ~ 1.0 izi M M ~ S~,14 0.89 1.18 1.0? . .24

0.5O.3AJ4 1.25 0.74 1.36

1.0 0-05 1.1 -2.5 3.4 x;5 .5 1.28 1.-0

12 1 0.68 1.22 0.74 1.22
TU 0.73 0.7. 11.2:0 0.20'l(..94. 1.11010.12 1.28 0.79 1.75 0.05

110IiV 0.87 10.5411.29 0. a 0.45 1.01 0.98 .0.3 1.16
1 % 1 0.87 I).05 0.92 1.30 0.93 1.07

-T - ' -- I

I IE6 M 0. 1

li o.81 0.68 1.08 0.09 0.95 0.75 1.-3Z 0.13 0.89 0.52 I .i4 0.1.3
I I 08 O._13

-HOV I 0.65 0.58 0  0.77 0.37 0.79 0.42 1.07

TIII. " s .6 0

YY 113 11.60 1.09

TI!, .tl 0.21.

- 1.0 -0.20 -.. 1 -2.5 5.8 XQS 1.1.111.0

6 Y10.86

1,IV ~ 1.00 1.13 163 0.13 0-00.70 1.27 0.05

'HOV - .j 1.31 0.97 1.03 0.54 .Pl ,.2

,i-o 1.1? 1.90 1.08 1.85

115OY 1.21

71 'h 2.11.87 0.93 1-.58

- 1.0 -0.20 -1.1 -2.5 8.2 q 15 2.20 1.18 1.7

DC6 YqS 1.51 2.00 1.29

V! 1.53 1.07 1.90 0.28 1.09 121 0.12

a 2IV 1.21 1.14 XVO0 1. 19 1.04 i. ,

i4 0.97 1.28 0.98j 1.1 1.14 1.31
T16 YX0.82 1.35 3.97 1.41 0.1, 1.33

p 1- 1.0 -0.01) -2.0 0 3.. XqS 1.02 1..2( 1-03 __ 1.21 1.2" 1.50

C3 Y.3 1-32 1.00 0.80 1,24 1.16jU 71 0.91 0*1 j31 0*22 1.35 083 1.60l- 0.13 0.93 0.65 1.16 0.01

uov o.1 .6 1.4 J~8 . 29 0.87 0.35 1 .04

1. Wind simulation Included mean A.rind, U, - 10 hts. Virust vector control available to trJm lonitudirMA
steady tor-es.

2. Sjyetrtca configurations - Is eral der1ntivc ha.3 same value as correalonding longitudlnal derivativft.

3. Key: XM, loritudinal maneuvering; YM. lateral mancuvering, XCS, lotgitudlrAl quick rtop; YS, lateral quick
stop; 'J, 1leo deg tun- over-a-spot; 11Y1, precision hover.

4. Stm.: Simultaneous control rnment usage, ezeeedancc coputrtlorc performed on the function (ImI 0 IL|).
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TABLE C-II (Concluded)

Case
I  

Fixed Base Moving Base

Statility lot A Pilot __"___ I
Basic Derivatives

2  
jag Delay Sub- -...... .

Cof Udd a% , L sim. N o5  Lc "I N , 5 14C S1
mugZ Ygi.C .6 , e, 5 1 5

1  
5~ L- S m' "c5

I
h5 YM 0.59 1.28

i.o ..om 1.1 -2.5 0.6 o xq.!.  0.78 1.04

kC6 o -0.68 1.29

TU 0.96 0.72 1.37 0.08

- ov o.41 0.581 1.18

LL 23 YM 0.29 10.47
- 0.33 -0.20 -1.7 -4.2 0 0.2 XQs 0.35 o.42

Cl YQS 0.53 0.67

TU 0.29 0.34 0.52 0.12

O 0.31 0.35 0.'7 -5-
XM 0.33 o.41

LL-24 YM 0.25 0.8M

0.33 -0.20 -1.7 -4.2 0.3 0.1 XQS 0.33 3.39

Bel YQ. 0.37 o.,6

7j 0.25 0.214 0.39 0.11

NOV 0.29 o.19 o.41

XM 0.59 1.24

LL-25 YM 1.10 1.29

- 0.33 -0.20 -1.7 -4.2 0.3,0 0 .1,0 XQS °.85 1.33

- (c YQS 1.1, 1.3,4

-- 0..68 0.09
-o .o5 o . .. - ______

H iOV 05 .512

1. Wind simulation included mean wind, Um x 10 kts. Thrst vector control availablo to trim longitudinal

steady forces.

2. Symmetrical conflgarations - lateral derivative has same value as corresponding longitudirAl derivative.

3. Key, XN, longitudinal meneuverlng; Y4, lateral mneuveringi XQS, longitudinal quick stvp; YQS, lateral quick

stop- TU, = 10 dcg turn-over-a-spot; HOV, precislor %-:er.

4. Si.: Simultaneous control moment usage, exceedance computations performed or. the function (IM1 4 Il 1.
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V
TABLE C-Ill

PERCENT TIME PITCH, ROLL AND YA'T CONTROL-MOMIT
COWARrDS EXCEEDED IfSTALED MOYM LIMITS

Vertical and Directional Parameters Listed in Table A-I
See Ena of Table for Explanation of Iotes

Case
1  

PAi= FxdBs vingP
Stability Control Fixed ae ?vtnS Base

Imic Derivatle$s Available, ag Delay Sub- Pilot A Pilot B _ _ |t 13

,tf vu uP o W L S '1 LPL S h,', =

m 7.6 1.6 14.9.M1 I4.4 0. 0
- .33 -0.05 -1.7 J,.2 .3b0 0.115 0.-o 0 0 XQs 21- 13.0 9.7 0

YQS 8.6 4.o 0 0

STU 1.2 Z-3 0 3.1i 2.0 1-.3 0 2.8

- -ROY 3.0 1.1_ . . .

0m 0 0 0.9 0 0 0

YU 0 0 0.9 0 00

J.33 -0.-05 -17 -4.2 0.396 0.457 0.132 0 0 XQ 0 0 0 8.1 0 1 ? 1

Bol Jo 4-.3 0 0.2 0

I- 0 10 0 0 0.9 1.5 0 0 '.3 0.1 0 0

110V 0 10 0 2.0 0,30 0.20 0

04. 2.3 1_ 0

W 131 0.1 0

* 0.33 0.5 -1.7 -4.2 0.432 0.49d 0.144 0 0 xo 2.0 0

Bel Yqu '.8 0

TU C 1.60 0

11O- 1.9 0.3 0Y 1.0 o

- 0.33 -0.20 -1.7 -4.,' 0.300 0.280 0.120 0 0 XQ3 n o

Yq45 2. 0T LU o.6- 1.7 0 0

ff.' 0 0.3o

Ym 0 0

U44 YM 13.7 0

O.?3 -0.20 -1.7 -. 2 0.30 0.361 0.150 0 0 XQS 3.5 0

1us YQ.18.0 I
7,3 11,6 q.2 0 0

H OY 0 1.90
"V J 1.81 0

1.0 .0.20 -3.0 -1.7 o.90q1 .6U 0.193 0 0 XQS 2.4 0

0.5 6Y .lt o~~--B.4 0.17 0



TABLE C-III (Concluded)

Stability Control .4oents Fixed Base Movi ng Base

41 1X C.3 0 2.3 1 0 0.2 0.2

UU N 010 0.3 0 0

1.0 -0.20 -3.0 -1.7 0.94 0.727 0.211 0 0 XV 1.7 0 0.8 0 I 3.2 0.0

YS 0 0 0 0 0. o.0

1130 0 0 0 0 7.7 0 0 0.5 2.7 0 0

SHOV0 0 0 1.60 0 0.20 0

Yfj 0 0 C.6 o

1.0 1-0.2 -1.1 -2.5 0.979 0.825 0.187 0 0 X0 0 0 6.2 0
B6 YQS 0.6 'o 2.4 0

111 0.2 2.6 o 0

HOV .. 4 0.6 0

XH 0 0 0 0

LM4 10 

0 0 0 0

I 730 0 0 0 0O 0.3 0 0

- 1.0 -0.2 -1.1 -2.5 ,.157 0.9750 0.221 0 0 x O O OH11 0.1 0 0 0 00 0

I -1.0 -0.2 -.- .5 1.157 .975 0221 0 0 X S O 0
BCS 3.01o0I

TII 0.1 0 1 001

HOV 0 0 0

! 0.6 0 .1I

M7? YY. 0 0 0 0

0,33 -. 05 -1.7 -14.2 0.396 0.457 0.132 0.3 0.1 XqS 1.5 0 2.1 0

BM YEd 8.8 0 0 0

TU 0.3 0.3 0 0 0 0 0 0

I:W 1.2 1.1 0 O.4 0.2 0I ~ 00

- 0.33 o.oi -1.7 -. 2 .432 -4A.9 a.144 0.3 0.1 Y2 L 0.6 0

DCC AS 0 0

TU 0 0 0 0

HV0.1 0 0

1. WInd sinulAtion included zan wind, U, - 10 kts. Thrust vector control avoilabl, to trim longitudirl

S2. Syrmtricca confl irations - latcral derivative has same value as corresponit lZongitud4irs derx'ltve.

3. Ke:Xlniuis1cneuvertrg; IV, l at e revering; X~Q, longitudinal quick atop; "/ , lattrt quick

2. y Sogi une. lateraspnlyoei~inlerv~i:

Ctp; TUt 180 deg turn-over-e^spot; HOV, precision hover.z 4~. p,_: Prcee ttoe that coeknded Arnts exceeded Installed limt. on sticultaneous control *=eat usage,
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TABLE C- IV
PITCH, ROLL AND YAW CONTROL-MOMENT LEVELS EXEUDED 5 PERCENT

OF ~~I THE T-E REDHEE.
OF' THE TIME FROM THE JU=Y OF INTER-AXIS VOTION COUPLING

Vertical and Directional Parameters .2sted in Table A-I

CAsel k
t i

o
n

Stability Coupling Fixed, Base MovIng Base
Basic Derivatives

2  
_ rametrs Sub- Pilot A Pilot B Pilot B

Cot ' X q M Mp .q e y 'aThsk3 ~ L, Sim N~ ~ Sins - U 14(. Le. Slo 11'

__ XM 0.1.8 0.67 0.36 0.4.3 _
W.0.39 0.66 0.24. 0.4.9

0 2.33 -0.051-..2 2 -2 0 0 X0 0.43 o.64 0.48 0.59
- .33 - 0 5 - 17. I .

801 YQS '0.56 1.03 0.35 0.78

TVi 0.4.1 .-36 0.66 '0.17 0.29 0.30 0.441

IHIo.54. 0.4.1 0.86 t 0.37 0.19 0.4.7

xM0.61 C'.88
U02 YM0.54 .961

0.33 -o.05-1.7i-4.2 1 -4. 0 0 xqs .81 1.21

BCl YQS 0.91 1.37

07 0.47 0.87 0.16

110 llV 0.68 0.4.7 1.01

-m - o - .1.0 0.58 0.39 0.61. 0.34. 0.1.2

LC. Y14 0.1. o.5& 0.38 0.60. 0.15

0-.33 -0.05 -1.7 -o.2 0 0 0.50 -0-50 XQS 0.58 0.79 0.1.7 0.68 0.36 0.42

BC1 0.70 .C0 0.65 0.31 0.51

ru .360.. 0.58 0.11 9).28 0.30 0.4.7 0.23 0.27 0.21. 0.38

go 1~V 0.37 6.29 0.51 0.37 0.31 o .65 0.29 0.18 0.38

0.1.3.O 7 0.3 10.57 0.35 0..8,

YM0-3 .66 0.39 0.69 0.33 0.53

- 0.33 -0.05 -1.7 -4.2 2 -2 0.25 -0.25 XQS 0.53 0.70 o.4.9 0.72 o.4.7 0.62

D01 YQS 0.72 1.230 o.63 1.10 0.33 0.61

TV 0.32 0.33 10.53 0.06 0.140 0.39 0.65 0.17 0.29 10.21. 0.1. 0.05

110V 0.39 '0.29 0.5. OM~ 0.39 0.78 0.35 0.19 0.46,

0.87 1.0b

1C8 40.7 1.28

- ).0 -0.051-2.5 -0.5 2 -2 -0.25 0.25 XQSI 0.85 1.09

B02 YQS 0.70 1.32

TV 0.90 0.68 1.31. 0.17tV o.7 0.171.03

1. Wirli simulation Included mean wind, U, 10 kts. Thrust vector control available to trio longjitudinal
steady forces.

2. Symtrical confIgurations - lateral derivativot has same value as corresponding longitudinal derivative.

3. Key: 311, longitudIrM. ssaneuvering; Y.4, lateral neevering, XQS, lengitudinal quick stop; YQS, leteral quick
stop; TV, * 180 dig turn-over-a- spot; 110'4 precision hover.

1.. Sim.. Simultaneous control ocrent usaget exceedance comeputations performeed on the function (Ill) M.
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TABLE C-V

PITCH CONTROL-MOMENT AiND THRUST-VECTOR-ANGLE LEVELS EXCEEDED 5 PERCENT

OF THE TXNE FROM THE STUDY OF INDEPENDENT THUTST-VECTOR CONTROL

Vertical and Directional Parameters Listed in Table A-I

Thrust-
Vector Fixed Base Moving BaseCaeStability Control

rerivatives
2  Param. Pilot A Pilot B Pilot B

. . . s ub- ---
Conf. 4 JJ Tsk 7qIM TV 7J V~

0.33 0.29 0.25

XQS 0.29 0.34 0.33

0.33 -0.05 -1.7 -4.2 5 - 0.27 2.77 0.31 7.86 0.21 2.00

I HOV 0.29 0.30 0.25

o 0.- 2 - - -

1,13 X 013 0.33 0.27

0 -0.05 -1.7 -4.2 20 - T 0.22 5.50 ,,214 2.50
Hf. 0.29 0.27

IU4 0.93 %,93 0.80

XQS 0.88 - - o.86

£.0 -0.20 -3 -1.7 -0 01 91 925 0.81 1 lo.6 0.67 14.20

0ov . 0.75 0.68

0.35

1.112 XXqS 0.39

0.33 -0.05 -1.7 -4.2 5 TU 0.29 2a.6

BHOV 0.32

I. Standard wir.d simulation; qu, - *g - 3.4 ft/soc, Um - 10 kti.

2. Symmetrical Configurations - lateral deriva.tve has same value as corresponding longitudinal derivative.

3. Key. XM, longitadinal rneuvering; XQG, longitudinal quick stop, TU,1180 deg turn-over-a-spot; iOV0, precision hover.

14. Thumb switch thrust vector angle control, conventional attitude control.

5. Control stick thrust vertor control, thumb suitch attitude control.
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TABLE C-VI

PITCH, ROLL AND YAW COP01OL-MOMIT LEVELS EXCEEDED 5 P.ERCM OF
THE, TIME FROM THE STUDY OF RATE-COMMAND/ATITUDE-HOLD CONTROL

Vertical and Directional Parameters Listed in Table A-I
See End of Table for Explanation of Notes

-Lbility dr Fixed Base -- ing Base

Pcic DerivativeW ___k- oe Sub- Pilot A Pilot B Pilot -

n Mg X1 [
5I1.3 3, 2.8 X-3 0.89 0.98 _

" S -0.75 1.01.o_

- . - o~ O., 0.5- O l

o o1 0
0.r6--- Oh0-5 0.A o~ 93 - .2

I I. . .
Be 0.33 -0-0 -2 -4 .1 .3  

- - 7 4 11L70.2

0.57 0.8 0.7 0.24

[WV0.69 0.,,t8 1.07 0.77 0.23 0.'.o I

-40.42 0.72 .

1.33 .fA -4 -e O.T. LL% W3Z 0.59 0.82

Dc1 Op ~ 0.66 1.00

TO0.37 0.39 0.63 0.13I I I UV v..41 01j.73 1 -
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TABLE C-VI (Continued)

tAbility 2 _____ Fixed race _ovn_ _ _ASe_

Derivative*, L. Mo t _ Pilot B L ot B i

C .~ p7TF17g XU Is.. I L~ Z

0.330.487 0.-,8 I
-' --- -- -- 1- I_ V

0.33~~~.3 -0.0 -1 0i267 3.4!L..5

0.O43 Ii l -6

--if----zzr i. _ - KYM 0.4L. 0.69 1.

0.33 _.05 - 4L7 0.50 0%3e

~Ci~ 05tY0.7 0.26 0.44l

1 t

!!OV 0..0 0.3!l 0.639 .'2)020J9

o 0

,, I ,L69



TABLE C-VI (Concluded)

Parans.

CaseI  for
Second- Fixed Base Moving Faso

Stability Order Pilot A Pilot B Pilot B
Pasic Derivativei 2  

*J iamics Sub- - . . --.- -

Conf, %~g X N q I4o S4 1-.-c5
3  ~. 5  Mc.C~ 'c

&. 1.ho 1.93 , .

Ito .iM 1.06 ,.Ao

1.0 -0.20 -2 -25 0.20 5 XQOS 1.37 1.90

YQS 1.03 1.67

TU 1.03 1.01 1.61 o.It

I H(' 1.19 0.83 1.7'5

XM 1.13 1.50 0.83 1.09

LII Yi 0.90 1.63 0.53 1.13

1,0 -0.20 -4 -16 0.50 U XQS 1.15 1.49 0,83 1.02

.C y;s 0.99 1.75 0.48 1.08

0.86 0.79 1 P' 0.1 062 0.6, 1.09

HOV 1 1.16 0.64 1.65 0.60 O.Po 0.8r

X 1. , 0.60 1.03o-

Ml 0.91 1.76 .7 1.07

1.0 -0o20 -6 -26 0.61 5 Xo", 1.5 1.28 0.05 0.90

DC4 Y 0.71 I.22 0.59 1.13

TO -0.84. 0.82 1.3? 10.1f 0.09 0.66 I.2
110V - o.Z..6 1. 9 0.67 0.30 _ __

1. Wind slialation included mean wind, Um  i0 kti. Thrust vector control available to trim longitudiral
steady forces.

2. 8yametrical conflration- - lateral derivative has same value as corresponding longitudinal derivative.

3. Key: )N, loritudInal raneuvering; YM, lateral raneuvering; OXQ, longituainal quick stop; YJ., lateral quick
stop; 'fI,* 1PO deg turn-over-a-spot; 1WN, precision hover. op"

4. in : nmu1aneous control rwinent usage, exceadance co%7)utations perforoed on the function (IMe1 11,1
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TABLE C-VII

PILOT C01.2IDED AND TOTAL TIIUST USAGE RESULTS FROM HEIGHT CONTROL STUDY

Longitudinal, Lateral and Directional Parameters Listed in Table A-I
See End of Table for Explanation of Notes

(a) Five-Percent acceedance Levels for Pitching lbment, Mc,, and Incremental

Thrust Increase Levels, (T/W-l)5

' ,, Case
1

Ba~e F.a~ter
2  lg Ieia ~Pilo~t A Pilot B

Basic Parameters 2, Delay, Sub- (T/W-I)- for: (T/W-1) 5 for:

X, o.46 0.007 0.010 0.34 0.023 0 CV

YM 0.017 0.024 0.025 O.O.'

HZ20 -0.12, -0.125 1.11 0 X 0.36 0.009 0.020 0.37 0.019 O.024

021 YW 0.034 0.035 0.034 0.034

11m 0.30 0.010 0.016 0.36 0.017 0.023

is 0.20 0.052 0.062 0.36 0.24 0.033

XM 0.3 0.0 0. 0.03 0.39 0.05F 0.057

YM 0.055 0.057 0.048 0.o04

l 0Z21 -0.25 1.10 0 0 XO3 0.47 0.030 0.029 0.37 0.026 0.029

;ci "os 0.069 0.043 0.0147 0.034

HOV 0.29 0.029 0.038 0.33 0.014 0.023

0.69 0.067 0.32 0.061 0.0'

SXX 0.36 o.o24 0.018

YM 0.057 0.054

M22 .z .o. 0 1.10 C .__ 0.47 0.047 0.0147

Y; YQS 0.050 o.o48

1.V 0. o.30 0.0p2 0.021

Si, 0.30 0.070 o.o6o

- .3 0.008 0.006X 0.37 0.015 0.007

.0.25 -025 1.10 0 XQS 0.46 0.1 0.008 -Bel. Yz 01, 0.026 o.oi8,

roV 0.30 0.009 0.009

m1 0.30 0.030 0.052

XM 0.39 0.042 0.042

X 0.123 o.116

0l 0 01.03 0 XQ o 0.082 0.095

;"1 0.108 0.108

1101 0.26 0.066 0.080 _____

ED 0.34 0.122 0.121

X 0.34 0.009 U.0111

XYX 0.035 0.010

"' v.' ... -4.15 0 0 XQH 0.39 0,006 0.010 ......... _

' (0 Y5 O.054 0.015______
HOM.' 0.29 0.008 0.008

0.26 0.028 0.015
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TABIZ C-VII (Continued)

cas. Fixd se
Pilot A lilot B

FAS IO Far t rs Lg, Sub- 3 (T/__W- )5 for: ,

Co I n f ... . tadk " 3 l - .. z .v -

- 1.027 0 09 0.091
_ ).139 0.1331

___o.___o~ _ o.o;9 o.-
0 0 1.1 0 0 .2.. i1 016017

BC14 jQ .1< 0.133,

b - 0.718 0.098 o.o0j

, 0.8 0.025 0.028 .1 ,
YX0.028 1 0.019 0-023 .1

______________________ 0.01A

,. 0o15 - 1. -1.5 0 - 98 0-01 , 0.01 4 0 -010
SO1 NS 0.01z3 0.039 o.02A 0.021,IM, 0.7 M 4 o.030 .7 007 o02

------ z o - _*-
is___ ____o.84 ('.070 0 064 0.97 o4,(o.

I 0,7lx 0.03 0.03002500' (.-t"- 0.017 0.025

• 1-0.25 -025 1.1, C 0 XOS 0.84 0 0.3 34
s4 a(.016 0.038

1:01 0.1 000 ').035

U, 0.7 mi6 0.079

XJI0.30 ~ 0~I _ _

I .0.125 .0.123 l 0.3 , o3,_

Y 0.028 ".029

I - ____ ___ _____LJ T ~ , r----- I--
_____0.2____ ) ______ 0.0~3
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TABLE C-VII (Concluded)

(b) Five-Percent Exceedance Levels for PitchiDg Moment, M.4, and Percent Time

Commanded T/W of Pilot and SAS Exceeds lastalled T/W

C..ee1 T iii'
CaseIl'elot A pilot B

Basic - ~retera2  lag, NUay b for for r

Con . 7_. T/W. Thb , 6 +. d1 6 .7-,.w 2 6'.6.

V 0. 19.0 127.0
,{ -38.0 65.0

n6 -..25 .0.5 14O.o , o 21.0 30.0

i 32.0 60.0 '-1 14.o 6o.o110 14.0I UOV 0.32 10.0 !.

X_ 0.33 0.0 0.0

yy oi 3.o 0.

r -0.25 -0.25 1.02 0 0 Xt 0.39 1 0.0-?

YUJ n~.0 29.0

- - LSHO 0.29 70 j~.
1 0.) 0.0 0.0

YM 0.0 0.0

dZ17 -..+ .0.5 1.0 0.39 0.0 0.0

;0 NS I0.0 0.0

--O-0. 3 0.0 0.0

i's 0-3Z 3.0

X-M 0.39 16.0 16.o

YM 0.0 0.0

HI 0.121 -0.3129 1.05 0.3 0 -Q -. 3 . 0.0

HCV . ,3 0.0

I S 034 2.0

M, Ind simulation Includted zean wind, U,, . 0 V. rust vector control available to trh% long-ttodinal
Stead forces.

2. Tyntr'ical C'onfigumtlonm - lAteral derivative has- aae veue as uor 'esponding longituddirw derivaive.

3. Key: Xv lorg,t,.dirJ~l raneuvering; YX, lateal maneuvering, X. ;,, ion tudinal quick styx,; Y ;,, latera. qu,.ck
stop; L, lxndirg suaene; RON, precision hoer.
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TAKLE C-VIII

YAW, PITCH AND ROLL CONTROL-MOMENT RESULTS
FROM THE DIRECTIONAL CONTROL STUDY

Longitudinal, lateral and Vertical Parameters Listed in Table A-I
See Ead of Table for Expanation of Notes

(a) Fiv e-Percent Exceedance Control-Moment Levels

Case Direc inm l Fixed Ease Moving Base

Baai& N ~ PVrie ub rters Pilot A Pilot Is Pilot BBc" -K - Var d .3 - '5 s: , % % ;: %io % s N
Conf. M'N~~,a) Le5L 317 15 V l.

.k 5 L5 Si. "S LXMI O.t4O 0.50

DIYm 0.26 o.4 3
Dl, ..

0.005 0 UL0 0 XQ 0.3 0.51

BCl yQ.S 0.27 0.9
TU 0.30 0.23 o.46 oai

p 1 H91 0.35 0.18 0.40

XM 0.39 0.52 0.4,2 0.57 0.38 o.47

D2; r -; 0.29 (0,56 0.38 0.58 0.26 0.48

0.005 -0.5 UL 0 o xqs o.46 0.55 o.8 0.59 0 .38 o.46

1 YQS 1' .6 c,67 1 0.37 r.61 0.30 0.56

TU 0.29 0.29 o.46 0.13 0.31 0.33 O.L, !0,.1, 0.28 0.22; 0.39 o.14

HOV 0.35 0.22 o.45 0.38 0.38 0.64 0.37 0.23 0.50

, JXM 0.33 o.41 0.110 0.56 o.46 0.59

D7 YH 0.29 0.44 o.441 0.68 0.314 0.62

- 0.005 -0.5 UL 0.3 0 XQS 0.30 0.41 0.40 0.50 o.46 0.58

B 1 YQ:S 0.38 0.57 o.44 o.62 o.32 o.63

TU o.29 0.29 o.,3 0.15 0.33 0.37 0.59 0.12 0.35 0.27 o.49 0.17

- - .... -
"H0V 0.29 0.18 0,39 0.38 0.33 0.58 0.40 0.25 0.62

F- YM 0.31 o.64

0.0o3 -0.5 UL 0.3 0.1 XqS o.4o 0.53

01 yqS 0.29 0.59

T 0.301 0.2h, 0.4.5 0.16

H " 0.39 0.24 0.56

Mli 0.4,3 0.55

D13 YM 0.28 0.59

- .005 -1 Ut 0.3 0 XqS 0.39 0.53

301 BS 0.29 ;0.56

-. zHL 0.39 0.27 0.55
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TABLE C-VIII (Concluded)

(a) Five-Percent Exceedance Control-Moment Levels

Case
1  

Directional Fixed FASe .Moving; Base ]

"Iried Pilot A Pilot B Pilot B

5ot 5Z M-5 '-5 N0  M-1 Lc0 40c S

XM 0.2 0.56

14 '0 0.20 0.52

- 0.,5 -1 i, M o xqs 0.1.2 0.57

I.YQS (0.30 0.61

'- 0.35 0.25 0.1.
-O . ~ . 1 T .9 0.22 0.56~

(b) 1c5, I 5 mad Percent Time Yaw Control-Moment Command Exceeded
Installed Limit, PNL

- Nearnr.tr [Fixed Baxc Moving Base

Ba, c- Varied S idb- A __ Pilot B P t.' a i1pt B
aUk MV5 1 I 1

D20 YM 0.88

-1 0.10 0 0 XQS 0. 8.1

PCI YQS 0.30 0.53

i 0.30 0.29 0.45 13.20'

HOV o.Z8 o.26 o.54
YM 0.39 0.56 o.4o. 0.39 0.38 o.17

D)21 2 0.28 0.4.8 0,3', 0.27 0.48

- -1 0.13 0 0 XQS 0.50 0.59 0.39 0.38

MI Y qo."' 0.40 0.31 O,

w 0.30 0.29 0.47 7.50 0.33 0.31 1.00 0.28 0.26 0.39 t.70

IOV 0.32 0.22 0.47 0.39 0.36 0.25 0.50

V O 0.58
Ni'2 Xr

4
M ".?B" ,n

-1 0.16 0 0 X 0.17 0.58

jC 10 0.29 0.57

. 0.34 0.26 0.44 1.11)0.39t 0.2
1. 'Wind slnilatlon inwluded mean vind, U, 10 kta. Thrust vector control available to trim longitudinal

steady forcea.

2. Sy'atrical conflgratlons - laterml derivati e haS ca=o value at crrespcntns 10 tud(Ual derivntive.

3. KY: X0, lorgitudinal maneuvering; YT, latera. maneuvcring; Xt13, longit,.dinal quick Otop; yQS, latearal qtick
atop; Il, +180 deg turn.ovear-.&.aot; -OV, preclsion hover.

4.. Si=.: Sincltanecus control moment uoege, exceedance cozputAtions perfored on the function (; .I + I 1.l).
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APE IX D

SUMAMARY OF FLYING QUaT IES DATA AM.TD
PILOT COWETS FROM GQLLSAN PILOT EVALUATIONS

Flying qualities data (pilot ratirge and pilot-selected control sen.i-
tivities) for the flight siLmlator evaluations with Calspan pilot B are
summarized in Table D-I. nother Calsan pilot participated briefly in
the UARL program but cid not perform flying q",alities investigations.

Calspan pilot B evaluated both lateral and longitudinal control test cases
and height 2ontrol cases. Turbulence effects, control lags and delays .ond
control-moment limits were evaluated in the longitudinal and lateral cr itrol
investigation (Table D-I(a)). The interactive effe.cts of heLght velocity
damping and thrzst-to-weight ratio were evaluated in the height contro-
study (Table DI-(b)).

Edited pilot comments from the Caispan pilct B evaluations are summar-
ized in Table D-II. Comments for the longitudinal and 2ateral controZ ,est
cases are shown in Table D-II(a) and those fox the height control test cases
are contained in D-II(b).

Preceding page blank
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-Au. U, :E

PILOCT OONMfTS ThOM OAL-SPAN PILOT EVALUbATIONS

1(a 3 nlgitidihal ad 'Lateral Ooribrol

';usel ('72 'E !oaiUL Ie.r-U!, 1cII rtMcu,..r - .7 M - 0.147 LS, %& i 6

itantiol sennlrivltles -. 1 d11d "t adequate roll control; henwexer, t1ie corlisuratioin ie sucrethaf. It's lifticeWIt to?
stop It -,,here you want, co you hive to anticipate cuite a bit. Adjusted a. naitivitier tc.'give enouph quivknes; of

resnat. so I would ttas pt to-ctop without hvgtoaaltlcipd.te aa much. Theni there s as onee'ency to oscillate
cc X4itlzly c4 ctsxenle' ac;d aecepted te %ensitivitIes tha, t baise n~o.. Air taxi arouiid the n4uare -±t'evrw
diffi&ult -to remain cro*erc spot. on 'be ground, 1rarily ,eaw ' eldti fplatne or I'm overoon,roflr,,
in attenptin& tb raintair a~pcsltln. It does.ezta pitct, endons llr an qle reaponr' arc qute rood bt
the -aircrL.ft'respnisk translatiin 'a very srluggish in to% c,riatlzoa, both I.- tfieg'aC-. pet IL Start.i P4n. cI.
otoppieg, it. (mue Ny,get it, started tt'n r~uite dJf'iuJt Lo atop it w~t,, anzy prc..iooii at a.1, iou apeuxinate:
the? tack and that's 1*6it .2. you, car. do. mae. Is a low lovesi of pr~cinQ?. Pare. If' I oncentrate very fIord I
,-en uszafly, stay I-it aquira. 11e134!.V hadl;, i- no problei. Isierbis Sn chanre in altitadle, Vitt
n7ot 'vory much -- m%- s t' or 8 ft. 'uisk~ ctop3 Don' t rosily- have any praxoyru just haeve to nalte acre

pe~ ae,.nputs. - mrnagoei to co it-a coup! l-. aa'o fair], well, but 'It.,was atr;.etly a hat-cr-as proposi'-
ti on. rning over a- svot - That'Is a protleuc tnt' big UiIiculry inrto stay. vithan ilO to 20 I't of tile center of
*aha .quar. Fover - lMe abulity to% rnirtain pi 'ri .n ).;vot is quttc pou r an. fars artttitulle and petUlar ratoe.-
'arccernec; l'ilesor, it's not bau. As umial, .61p kuite a bit tf treodelc laterally. Sema~tlhat P'm cilugba~ck anid ferta all the tim". The mttior. 't ozt 4e .1yli, bat zne-it-starts iisilfettoap. veral
evaluta-li ! Thea major ohjectloootla feati ret are Ina Cqiheo %is--eslponce a4l cntres. of the di epl&acoment.
Favo-able features include the fact thatlheipght control Is, pretvy good, ts,dng control ii, vo profile- and there areI
rnsfllv no occ:_llatjry terssecioe at all In a.-y direction.

CASe Cl2 131 M' MM nUL Lc, 11. 1~U. 0  
0gs.3'O LA4, .. ,. 1V

RaeC, I -cU in l cii l5 u
1
1 crt av 1.7 X6 0.380 Ls. 0.320 Ml-

-Withf terle...ltns. (M1) I uUolld ray, for a12 practinl. rurces., that tbt, airc.raft t-. arifkable. I can ronyte keep
it in t6e rhy but the 'vcurslc'ns areo veri I-floe and I get the f-celia; 1 really dotn't have_ rrch control- over tie
aircrattL. : didn't 3et a thance to do anytLhin, Ii' to, sOAv of sancxvcrane. All Y wanr-yir , to do was to fhover
over a "pt, and I wozn't 'lic to do tooat. So X tried re rlc'uc Coinsa on the, cy clic both in pitch. andl roll a,io .just
didn't .3ecwa-very Zoo,'. I thini it. improred corea when i went u!' t, faener zcensttittes, but not tur f,-
cienItly, that I Uould acc(epi the1 air;-lnn. Than cut. etownr the le vel or magnMtude of the excs'rsoono, out Mti11

* didnt tbjil It-war a fly/able or accepta te ni.-plancaani I couldn't 0o the tack. vo then I flow it without turbu-
lence (CM). i-athcut U-' tartulont" I was able to do the mneuvers to acne extent * I t!c-t tie' ic'prercion that,
evon without turbulence, th-ere are ,o. external dieturbwoces. Thleac o e Aadvotentl3o pilot-rt~jucedj. Cer-
tainly it' s. a ruelusdfference beten turb'ulene in ani turnxonee out. Willi tulrbuence (01.3k 1 woul) have
to reject the ccnfiguratlihn completely- tecaure, at -ore point you prevably ill lose It, crjeeiailY il the turbu-
lence lwre airj highse*. l.es, is, smooth air, It '!Id *Ac'r tlere was acne lart ii, resp-onse to control occut:. about
a3l l sacs, In spit1 of tb - isa: that the hemnflt co-itrol it% pretty ,tooo. I'd nave-to czove tlhe collectw. enlvy a
ruirter of times. T think As.a. able, to initiate the noionr alrieht but precision of rtabilixinj' veioritce,ectc.,
wasn't very *taod at aiLc 1 don't -thin]. 4y hover capobtlits sub! real geul although 1 di0 manage to cankc noe- turns

In othdicotine nd root, Of ths tone .tydwithin. the vaj-xe. There s-.ac to b'e quite a bit o.1 chn in ott-
tude, pitch pslctaniy, Tr's.d snor.- qutol. ;ton.e. V~ aMrplane reeponac rluwishly;* tl'er'cselons Ws be a fair asclntIt', of lead irqulre" to aititer s toplteral niotloar or lon.;Itvdinal votionr. T n turnini ever L sPOt, to realp:oi.
stopping on a headin,. kier,' Is ajientIly no crowo-couplins' btelcten tie ru-tier and. Upn cyclic. P1robablyN would

N have bten able to 1/an] this, at 1boot in snooty' a~r. In regard to age. atar' .ynartiis, in the, higher rate
masoneuvers there v,'s sore crorn-coipline. Theo sjor objectionablet fc z w-%. the lack of proelsicn wJth thief, I
can Initial., onr l true velcoity as..! pviton over the surface. I did laaaec to '

t
o cvne W' asrly *'col in

,.over, tbut tipt'r about the onillthing 7 wos able-to dlo fairly elt.

Case: CIA 1i03 4,.m UIL len-i11 Nc,,aCZ. C'AI0 §.ov, -O M, 0 .3N Lg, 0O.365 rR. tl.
Care 015 u"13 N0,. U L I,,. - L N U L tru g ov016 14 a e 0.320 La 0.jt Ii 0

Tried It withi turbulence (0CL" and found 1J. ceoplately unaccsptab'o, probably, a 2C0 ratlng. I flie. It Icr couple
of minutes. in rroth air Ck)) I tried qruite a tow .:,earirgn an'd I thourght that niliht hel tt It 4idn't. it 3
baoke ills4 lijhtly dIanped rall modes and *a not, surt abc-at pitch. Thenr were tines where It aissori felt like thea
ai rplane venited to gC. on it; own, but, in any car- didln't )ave precision of control. I had -ore trouble in roll
thtan in pitch. Ms-neuvero '.ct very ruccesaful. ne,,ardless of control cenitiwitierc, T never really .c% I hlad
eood lateral control. o ridn't have nearly itc riuch trouble In pitch no in roll. Not able to establich any dlecent
tank anigle; very easy toovercontroi. I idn't lie it, couldn't reallty stop or hover precsely. tPot really able
to- stay within $reeind tV'aek limits. Quickt ctens^ - Not reall1y vtry good at all; I tried some but seers like the
ahpano wcwntr to take off, especiaily In the lateral quiet .-itvpa. Stu-ninkg over a spot -Didn't look real bad.

7t does secs that, on-ac yeu get Mei airplane under reasonable control and et everythind steadied cut i-ansi-noblyI wll, it cau be helId reaconably well.
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TkiBLE D- 11(A) (.Contiriued4)

Case CU, DoCb 1-11- UL 1.s PiL Not - (F4, aue (r, NS 0,321 1,8 Oo3(.' IV 3
CareCM7 DO, -, U1 Lo, 13, NomaU z I Tau, (rv, LT ? 6 O.iVl L~0 ' 0.36, lIn .

It wail quite-a bit noreeffort to try to do Mhe task in turbulence (CI) but 1,was ale to do that and even liover,
say, fairi. 1 could even-keep within the 'I-fl, .quarc. Lot of control activity In then turbucore, however. ,be
co±nf~urittion -doe'_ scm,,to have reasonable stability and z'ar'PinC and th,,e rerponne. to control inputrs %ppeir to b
reasonable with the porticilar gearInes I chose. In moo'th o ~r the response to control Inputr vat fair. I does
otil m=e that there are ccre lajr In t". initialres'%nzces to control inpits. 1 also did a fair amount; of
hce'it c-)ntrolpower Snputa. I wat~able to establich di ePlA'ccaents and ielool, tien with reasonable ireeition in
racotb- air. ltcvering- eapability .?ar reanonably eoodl. Cwild do' the turns over a spot reasonably well. Ireally
don't :;cc anythini, strcngly objectionable-. the biggert thing ,protbaily are rdae l a in.responre to control Inputs,
but they are nbt really no bad. Could do it fairly well. Have arp difficulty with barnk an,4, but It'-prbabl'

n.So, In Lmootl. air I wo'uld c v th6 aircraft win pretiy rcod. I think pao*romnce In mrouth ir wa-, nmzifnc
gtory~vithnout iamprovreetu In turbulenco. the work level certinly goes aip quite a bit, and raybeltlls in jurl .a

toatter of proficiency., to turbulence the- pilot cmonecatiak and workload ikre really fairly hieh.

Case CU3 B1 Men, L Irz, -1, Nl UL (ru o-v - V8 -. 370 L8, 0.3141 PHI 3
Case I) BC5 k,-UL Ivs -131 N,,n -UL ole. ve -1. 14c Re~0*3

86  
Lsa o.Lop 1,.R?

Fltm this in mnooth air first (CIA) an-1 i thouwJt overall '.t war an excellent configuration. The only tlind, T
noticed was a tendency to bottor the airplane a little in pitch. Whrethor 'IMere in lightly dnj-pad pitch cecilia-
Lion here r don't-know. Coul. hav 0 jurtbe loe- j -1ce thi paticuLary s'hen Iied to ialke a-,

X fairli rapid attl' ade thre. M Ie- ccntrel abnitiviticsa ceeed to be-adde-.At in enooth air. I then flew- short
tl'me In turbulenico (CL9) ind felt the need to increare tlze control snmo qvity to-beo able to offset come of the,
iguztv. Vot really sixic which-vaz- better. ithout the h,*'hcr -enalttvity it coeiod that 1 jnnt didn't have cuffi-
dlent; control t0 keep the aircraft excursiont rmall enough. (in the other hla id, with the hieber ,'iaringt it lid
remo that I rot into ncre big~h-frcquency PIC'I.. Ulaent sare wich to take, but it did seen'that thit eair'i!
bore In turbulence (Clq) Is better, nuitcd foi, preipion control In doinC the hover. 'She foleo-cne U re
irnoU. air. Rerpenro to ocntrol liput zuesdc~r i- routonable, althceh there were timet whu~n I felt it wan a

little zlueglch, Iit T did ceem to be Ablc o. step tie tulire without edn a lot of lead,- zo~maybe the dam, ,k,
i.- pvetty llood. flie control)ability od poncition-ani velocity cene reaoat'le Cclild -hev-r very -ionl. r uld do
turne over a spot wery well. Very rarelywvent ouVt'ie th ' 71, crare. Coulid lo th" quica stop. q'u~te well
althoughi it (lid scc that I couldn't realy roncrate high) eno.u,;n velcit~va with the eontiol power I ha,. In
other words , Zor thev enick stop 1 would have ex,"etcd to. set a little hl ther zp'ed ;~Oinr and- risk(- t .-ach qul c pr,
tbtt this, My be a -lnctin or th. Aedcrine, I chore or it ry just he a 1' tction of fU"' tynamlor orf the aircr'ft.
In any event, I was able to Ao all or the tazks with what t connidered to be prc-tty golpr~elsirn. 'Dip only

posibe t ha tc:reporc =btinitial roonze, to L.ntrca Inputr 0 .d be alittle j
soan cstly c~ont- n e to try a~ ra litl co. nnitivlmyle co Iaulet teon 4htli theytca ter bitadl.I
dol -rar~y noo that rqsre It Reprvyto~ 0.Jctl inuirre abu it nstl h agirh Iacot aly ld r ate it -c to

faitry with 1oute Ir-pt fo feth Lankor I w.ih It wooth tly~ ,o, tibtic 01'lncc or roto~h. lly,~ bbptoe t

bit Sri etl. Ie able to ote I l kltin retof tr.ce. he erf wantt it. tiarbletone etoaahv at sltlh

Ierorl c oulde try o no ithat to reroan w'itlrin~ou trakwrprtyoo.'a e o ldhad

well CoT ntril ol defei ere oc v fe e o ailaasj -ie bliyt hlieaiWwenld tal

tsntr~~~~~~~l noinswr filyIs". , ove rv - 0 Toegh -nt ?afnae -a very 0. d 'f-r r 'k3

tuI ~ndt fhrveriNg h*rca~t netotr. a ra no pfrti ol sren vti esp soul ltr the whdorine they teton rate. 1
Alrs tox anl th st ri nRhaniort 'au to rdol inpuosee a certin louggtset- alut xe. I uf y a r e tno
pthilt~ it hobi Je.ur. prctculy eti.-. qeel with thder gort il ,'z ta the-, rand. when geioull ra-'t w'thin

not o n rthe ofdl wbreut It toJ top, ic pu In, thtte cpper.ie. rutrolesse to Ite~ anly overelnro ta
btoubl atil ejta abl , tpe moetido n ey cl.]. tn werI wintilt! cot-'. Certainleyto could evr ttbh

howe qu rll. Control walcio-vre adervuten for vcrttfaly Urg ,J ~ d,, Arbaily toy the aet objecwtnable- fat ure
wanrl that theircwre aft lary- orn Over. ah few r -a, etr to I tnlttr srran dall thry rodatufar a waih o
pireision. me~g ori oto ,n atclr_.obt.CudIiit rdmatntetr .I

Ie~ t t;I':nriti ral nerdi n eran -inrtu rekidof200 pt m
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TABIt Dl- II.), (Cbntlnued,

4$

Cne you cst.,blish a velocity while, .cre i'rg t coln be held reasonably vell. The problco was in~initlatr.3 it
in such a way -that the pilot-dtdn' t 6&.illat'e oredevelop a PIO. bilfiytorFtcp precisely ws a little problecs
because cf the dyttamics sod ti n~ecessity for th!e pilot to reduce his gains go he didn't get Into a ?TO. I think
there arc times wh'en the attitude chartges are rather, iarjc', es~iciaiiv in pitch, but in- fact the attitude changes
are real ly fairly imall. Would~rate the abili:^7y t.- wiain w~thin grourd.track lictts, to hold headiiigs and to

hold &Ltitudi-ms fair. Seemed lMe tlie~tltituddc$ntraI was not quite, as precise as di dired, rmainl, bec~use T'whs
Concentrating more i~ attitude inputs because of thic tendenzcy to get insto a PlO. Did iiex chit I was W l'z r ose
fairly large control deflections 3n pitch and roll. To get large , ink angle (10 deg rax) rapidly and t, r.,'trv to

sml orrections, didn't have th~at troubist- all. Really noticed this~only In the large inputs and whenso Itrsitdi etn eidteTa'pr o i rbe a titypltidcd e
required lerGe, high rates. Dcn't thin. I Vis able tot accoeaplish what you. night considera& q,,ic4 st .p maneuver.
If I tried 1 just 'felt that I disk''t. kncr whether I could stop the motion, because I got~into a pilot oscillation.
Don't thirY, there er4r-xcse attii ude, changes; was just cavtious abou .t ttirlg the aircraft to cove
laerl an anan reasonable ra'et r,; .,could avoid oscillation. Ability to'holdtheading end alJtitude was
saciehat d~graded, I thina-=-iny~beciee w van more wbrricd'about stot,'~Ing It. Turning over a knot didn't pro-
vide .uch trouble. Would be dr' ftir4 s9ittli but cecld'maec correct!ionL., Only time I felt in-trouble was when
attitude -mtes Got high. The objectionable ftcure toe that loige attitxir~ chanage had to ic msde,sowly to ivoid
getting into aeL'ovcrcontrol' situation arvi PIO. llowever, foi' email amplituides snd'snail corrections, and w.henu
things wiereo.~ weall stabilized, the precision . 'Sontro2. 4atn't bad &t all. Special piloting technique 'is to
mlee cotr,± inputs szo as to stay away from esci~jatory tendency.

Case CLl3 Bcu Xt,,, UL Lat - UL !To, -U deiv ' uiv 0.1 MS, - 0.355 Lga.-O.3ul1 PvP.5 <

VfIMd higher latiral and 12.mgtudinal scussltivitiesand rapid, large emn1.1itude maneuvprs. With thit higher
ceisitivities' I could ao & prue"ty Coci'AJo altheuwh I seemed to be a little xorc-.1scillatory, so dcuideO to
reduce thc 'gains to ru Oly the Initial valui5. Air ta'*i aousnd the square - Itzponreo to c .. rol Inputs soer a
flttlesln&gieh. hewever, it's not really dii'ficu~ut to ttabiliroeand hold desired ielocitie e'en tho':r)e-a litt~c
onfttitude coi'3. Ability to stop reiisel) noi'too bad. Secaed to be a relatively easy thing 'o n-top precisely.

Atiuecagesnay, bose,litt.', on the hi*h side. Abilit to rena.,i within erovnd tru-& 1''mts was quite &cod.
Coula hold ,eadir 4-_.. _.,-tude quite-wUtl. Control def lections at tim=esmteced 'to be c-n the lur4ge ride with this

gerig te arc, to'ge.. 5 !(5 u biL angle requires'slxeost fall throcw,-although I'm hot hitting the 'tops.
Did1o'%;ai aity trim. qutck stope - Wlit, this~eear rabin you don't reelly pici a) u very -irge velocities. Altei'
msklr~j an iIpt it taskes'a4 little wh-i. for 11e vplocisv to pick up. To detertiine hew-niich to lead It to stop
didn't sceer'te' b6 a' very dd.ficult te~ng. Aility to hold hesdlrq aud altitude wee quite gvod. Contrl1 :eittona
required arn-subst :ntial. butmgeable. Ability to hcover over a sret was ver good. Heoigt- control so p-d~le.
Titchfand roil control quite~gced. Ability tv :nitiate end hold turn 66tes nr problems and ntopping cn a~pre.

selected hieadirng no problem. I was ver, 'sappW with the precision of the hover, prectsion of the turns, aeilit' to

etop 'thn motions;evea though there-are some Iage 11u tbe systemt they-were still quite noticeable. Control activity
for vcrtical-landing is probably mairly nor.-a) i'nr aVSlT01 airplane. li~e tasic eood f'eature is teat tie perftor.
ance Is quite good without excessive wo'rkload. No partict~arx piloting te..hntquee. * think it's seceptiblo end
,at'satoy probably doesn't neeid any xmprovementz uunles.. vou arc l. kind for a highl rest,o~lvo aircraft.

C-ILO Clal, 3Ml He, -*c" OJO, a, -. ~u %r- No, ~ 0 
0 

u..re '- Ove M6 i O.CC L&-Oi., l PPR lC

lizere Is no quetion that this in an, unacceptable conflgyoxai4 n. I tried a range of longItudInal control
cons~ttvlties bcseI eot into a Ienit tudinal FIG which h. ,o rv laree an.d I was E. fir beIse t that I Ir. effect 4'

1ot control. in.renad the scnsitivityi thia secmed to iopcwne'tiirgs somewhat tx len; as 1e 4w a,rplan,
very tieghtly anI with smal1 amplitude d-egpl~Actm~nts. Could bo tho pitch rate and attitude toth k. s'~ n here ctc
rat me into trouble. Ui I got the aircrart rovlng-forrard pretty fasI t, yn v lutok stop, It requirci1 very
large %itch attitude to stop It, This it, when I got into what appeared tv be a very lar~ge xtylitcde ritutatio5
wbere, In effect, tlost e6htrol. Did this about three or four tinet and went bac.. it initi,.1 cenditi-on. n
crui control tho a,.rcraft anI !o the rwuueuver task 'vut you have ro do it with s=11 ;n~aue i, d1cv raut- 45
pitch attltude. vesee-yc eot into large amplitudie Uieplscenenxu and highi 1 tch rates, then, is. effect, c'wntevi
wa lost, Would have to rit% hi an 'unacceptable ecrXigwratinn. Itf, I'. lkn "c itol power was waey .'ov% and *en
I Jurt ,an't aceep' Oi ai'pluno.

VChre COL I .lii kn 0.216 Le0m O.?IB ;ar, O.04$ ek nd Ls, tlncewn P11 b

A pretty lousy configuration; not xcnly as vad as- the onue I just huad (=i1iu), but 'sac iltr oharacteriatica,
although the-biggest 1prcblei- ,!th this one -appears t,4 be In _~ntrolline longitdlr~eL1 Vositon. Don't seen tu have
mukch control of forward end aft vtlocltirs or of being iblo be stop -I withany degree of precision. lateral cor.-

trol is not verxy g~ood, b*ut d oes see, to be a little bittbr thrn leucitudinal. initial response -ao cntr'1 luspat.
scea:e to be slow; however, once you eot It etarteo you do seem to' hnave di"uficuli esablishing as yart'eul:nr rete. '
:.t doer seen= to te a laxrge ~tch attitude chuige'to ge-, It uov)ing and to t it. Don't seen1 to ha6ve dxy Idea
when tonae control revorsals to "uop it prec..ell. Pldn't think cy grund track was veri good it, any a.
Always had Some head! ng problems here because ii, 10ay often inadveortently 7.tlnr, rudder In when I'm tryiing to
burn on bank. Whore It atIoppes' in the qutic a',:toy^e was unpredIcteble. Can't stop it whe- re t t 'sn..It. 1hen ~
trying to hold it was alto s Troble,. Turning over a spot vas~quitt. ragged. errors were on the order of :11, or
'0 ft from the center. Ariad-fiying at very tightly but .Jst wasn't really tble to accomplish It. Fer'or-Anc
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TALE fl1I(4),'(Continued)'

oir quite poor. frThs t mbr-at a hover resulted- In position crilors on tht order -f i.10 to ±5 ft. Iluo &ore I
bave ade~ja,s corstsi for vcr.ioal landing. 1 suppose a-ou migbt hasve some veiaocity, and 'Justgo, epd sod, lanI
ir. fr.t tryIng,-tb %it a. spat It, qite di!f'celt. Loctoof control actiat. Cojeotlcnzble s'itures A"; the fan:

A' ' just don't re~~~i to Koow what kcio of' iirpntr .ie to stp ot~on; or ritt t motiouno : aji'd n u
prdeo ts-rsd. No-reatl special pItttig technilques rvci~vthiat ynu'try to necond-guses or antioipAteti~o

inputs, tonically 't'b a e~ poor oanftgrmtlon from the st-mdpoint cZ precin ,I ,n of canit_ and pronue

C beCME MI2 Y"e, , .1l6 I,_. 0 .Z4q MC~ .% &%gi'%xe M0 - 1-60 L6~ 0.?41l P? - 3.5

t tried 'evPeral c;ontrol-sensitlvlies. At V-1.s hi&ler values, rot Into s=-o PTO prd'lnos-ead4 soat, rirecntrol
:.rer, so f .eoccc tbom a littiI.. T.re i; *ee lag lIn tho rtipvitti to control Inputs sait oes take at fate

&-,cnt ofatitdechrg to git thines rmovfg, "it it's not cxeesnivo. Can mnrtan velet_.tco orce I ito eatab-
ilihed Via an lolg asthey arc not teo aids. £ do seernte run Irnto £0-u prob1c~on if I increase Mi gain-eind-mYake

ez ;:inp.tn; in etho '&.ro, If the rates rcail high and it take; large onpl-tude aititt'5n chae tottop
tefe cutlet. Then I Cot into rove over cuntrotI ona dJcilletoiy tdlenr nieo. for 3o-. antd r=dcrately low veetie'. I
zonrtop *airly wel- n tme ccon-neror. Perforrazat on Sruomi1 trant: Uasn't too bad. !*oldin3 headrng vao O%. QZiok
stops - Vouldn'ilt s these a? e really good quintk stors. 7.1e 6n npr.blenl it that mInrlte t.e quick atop .itza

hi,,u ~ ~ ~ 'P rae..'4
'sedlrezp~4 ic rbikogeuier- 1 get into troub~t. So I've been a little

Istii t get it *tng, too fait. I oid get into-nonec PIG laterally ece tire when 37,-a A fairly rdAanic'rk
ctcp. Tan~r. ove.-r A apL t - that actual'*y went very well Ats long as Z nWd r- good nsa-s rate (f tun ant' sot to00
foot. Was able to sa. lust ascout in the tooter c! the spot Xfor ;f the tins. Ath Us z 4 r rates I venta
littl1e outide the sqiuaic. r.-ytLe about 5 It a .. 1 wat fat-ly 'rjp-y ith the hover mAt. loans, fnl ap t
t's lost -tates, sorb, ILt~eral cr4 lorgitudoral, not too happy wit'.~, p.6o stein Oe,,trslp, it tales0-a modlerte
ar~oent af emccetratio'a. 4 thne. Ji ndu~ce tes torz of lsa ontttonat. tuness" esp'eal ally "bos I felt

4'1 hia tonmake tanse rtt"y rapid Inputs.

Case '"U' Sc1 Ma em £C 0.,6P1!, -0.33Y I- 0.128 Yu ~ 0 'dg4 0.'44.I ts. 0.210 M. 1

Dila.' t do too -4-sh en the i;an.s 1 roo- to bo al it. t4 i.ly the airpiane pretty wel-l so I orat eanxG-d-tse
lngitudinal nen'itivlt5 a little. ttenyonc t., eontrc; inputs seems t, uc, pritty fair. Vat. able to initiate
otions, out it'n--nct as aesronsio a s 1 we '".lk t. As Ren:a I maizktain . xnt -, o moderately )(Wo values,
tber 1, nso probie: In ntAntaaia 'lact!.q i. 'Jies t, a Ia. in ole~ s-qcpnse in u-ane v to contro'l
Inputs, ut he attitude e- w~c i',u1l to tet the,. airplane te osve In the . and )r dctctou n&on to be only
v-od~stt-. pirc"..tit 'e enanen~ and s-l attitude cnass t- stop the ro-Icno tn wht, iwould rates sader.
-tt._ Would -i efer to havre inCute etss'e qad c ut It'r '.Qt, real.,y too bat'. P~s. to rt ay over Zrnd
tsaoi'was fair s&no. ibid take so- effort, Oit yerlennn-u was ro,,t -od. 'trldang heiuiig %,as sot a problem
anr altitudCe Control %to ,ood .ini c.ntrol -ueIctAor.s were -odratle. 54.515k %c; -Dn't !thir. It's~fas good an-
scald Iif'o-to res, it but. it's to-all st ; oa eri.ther. fees take pretty large attitude thongea-to perfeom a
mck step. t

u~rn ovbe' a riot - i'a fair t-: c-ool: is. sr-asst. I did:.'t %shve to work, toe hasd sand I coulOd ptebtly
-I' tttay within about 31) ft of the center - h' sgunre. :to pa-obios 'tais;andl stopoing Ste turn. Agili I dId

not Vzo h rate. Inl the hover iii. lfe t o wasn pre
t

t: t:d. Mdl have' L, mork Zairly h..rd but not execs-
cutely hMe,- t, iso a reacc-nable Jot, nluj ..u-o. yu're aiwhva- citsn. iflttt- .cbrteinly sdvqpsste for esrtls.sl )anding
A control lco,rIt, os-al; te cora ,der-a asn rdor5,c to .- ,derately hip).. Znns rlio~tt erisen-esupin,; tt'en

lateral ad losgIudinus rodeo. I V tS5sh'. only oljetionable foato I es-tl foc i%,1 the Letk ef roepinrlwesr
of he a-Irnlane In the u aria .relclt'is, t~lt-to *yppracitol, , and the srall la-1 In re-asse '-f the aIr-
oraft to a,era,e cortrol_ 1;.'so, ,do bs atitude chaneso art, maybe a little higher tbsp wattlm lke. You, can

ace oo".a-r-'e.it uso toe -itsplane. D*rl.e porfloncc requi::es moderate p~lot enopcnsatimo.

z Ja ?, f t'0 c M, T vit U(,A r,,rr 0 Me 014 & 1OP T

15i- v-r ,;.- otrltnsitivi t,. in'reo-d the a~nil~t nd stidns t particLtxI:rl Isiko it z'steers I
-' lyrs cor- ort of p.'-ahed-aeillatirs, 'soled,' In roll. fTi 1 t n-c lee in th. raqorsc ir. "to
iloplacomientl an), "ct~asf the aircraft. llss wtr a sort so1 nodrrateLa difficult eni-r toe toly. 1,as
at s o t-, c10 C dwVIngo 6. h pr-tt! lo-pctioot it didt take a lot of concentration, It eld homve a tc-noenicy
to Ite tht' osatrl in-pit., yc h!0 to atisate &toriine, tne motion of the aircraft laterally ans loneitudintaly.
litc~h responp e. r.>ll rer;-onic, NAt, rsnpcnne all pretty4 fC-il. R.espcnsIvtnes is. tlhe Iidtiatiwn cs rcstlon-an'i 'ho
rteppine of the'rnoton In to x andl y diretions sac afleeted by lngo in the ryotes. Was- diffiCult to etabilloc
ad 'hold des~redi velcitico. 7thn to tr, to atop It At wv5 precito po int wa-^ alszo sosewhat difficutlt. I .was 6et.f
to hover prop weLl, hut It C;Il Vtrlc ;uios a bit uf cocentrsatio'n. In doinZ nso, thce ere are excuorionsen in
heighit bcut hat we$ waily conpsssatet with cslsstlve irpta. fl-s eht cantr. wan qa its sieqoate: good damsping in
height. There I. sor M' a cors.'cr' .,feet when ye stars. turning, d'cnsr, on the rate At whIch you tern.
There is &. teodency to imop dois In altit~ils. Sun-c there in a lose of lift as It doss requise ane noticeable
power inpzut to s-Attnle. altittile. Poed a tesdescy to ]-c altltude in the turn over a spat. Also retool to be
power rcqutred -'hon 1 t coon rapid lstesalarmd !ongltudlrm ipaerno As, far as precision around-the
groura track, x and y was sort ot roc~s, sopeclally I the y tin-cotin. I war either too far abead or too far-
tehiaf thle spot. qluick stsP: It's sort. of a hit-vr-rnira tgroposition, althoogr I ranraged to stop at the spot
fairly well, 'sot trying to hold it there was net .asy. There did see.tob oefillag cnrlntos
required. Turning over k-sp.5 - thik the 'ibility I tnay aver the spot was onily fair, I was always raking
correctios. 'tidn't raise "sy t.est turns. 'JIth th7ese moderate tuirn rater" I .sas'able to etsp it within about
L5 ta-ot desiredl heading. ito-oar precirsor. wee fair, 1tot I had t. wo.rk fairly hard at it. Certainly adequate for£

inttla. lrA and control activity was almoot constant. There 'sere -=re. x ero.--couslng effects between longi-
tudiotal s-otlo= ani lateral or tjank mnglenc. I always hae that rZI6l. 1 geese the moest objsctionabla feature is
the fact that jo-i do Lave to arnticipatc etoppIng of x and v -jtir .and pitch attitude changes. P itch attitude
Jargao seem to-be fairli lar-ge lu mneuver. Overall, it dues require moderate to ,onsiderable pilot copensation

to do most of the' tasks, ese~lythe quick etops.
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Cas-CUl9 BCl H_ IL I ,(: -,15~L. NonU1, O Clu - ~ .500 1,1aO.310 PR~

11his war. not a very good x--oflguration. I played acound a litle with the goi1nje: but t eifinal Vtilues aie

esentilW like t1he peiza O5rtn.Even for relativel7 analU epliuedslcnean aeI.is

didn't,thin-k the preciion of cotrol. and the prceis-Oen of the task. ve-e adequa te. Don't belj4evv' I ever felt I

crlcrely 'lost conrol, but thire were times u.hin veer2,g lx~c .rsion. were obvious. Quick steps --'I C~uld stop,

it. but then I odotaitlr positicn'at the, to;pintr~point. Thei-it ng to Vrihe it b~ck t ho'ier war, quite

a Probiezi. C uid~rctbbi stop the rn ura I 2adir.g within- about 15 dtsg. Pr.C0csion of -1i'i vase4 r, but it

did- taxe'r. prkty~aici er=ounl ofconccntreatin. 11 wold~jobably-be able to lan,,lthoug. I'd bare to bec quite

ucreFLivlth it; Reijht coerrl, hieve-r. didn',t seem tc' aIbig problem, although there was cooc melneuver Vl-herc
II thin. 1 left~thc altitude go~ al' th iixy dca to 20 ft s wi ieis the viinm.r obsectien is iih- init,otion of

4tranziiti=!a =notion Is sluis and once' y Bet the m-61.'5n stirted ltce difficu.lt tu stop It. 'itc1vcontibl is
caeiW czicsws i. teral-centrcl seemed alteiug ib e atudseqlr osop the' airplano

.ce yon~gj-t At.ovin~g are fairl1 ibe esjpectalL, !n pitch. Didn'lt bee ai*ythinig too favorabic about th ae cn-

fuiiicn. toere iar~tc, or lateral oeillation -hat .hi1 bjtinbesotedpigipihtd
roli is p'etty good. The problemt is Ialong the .es in tk~snhion &nd alic the larjte displacementer'in banr. angle,

4-d pitch attitudiethat ire riquired to get the airplane-to itovie and stop.

A"



(b) Height Control

lTary taok wat e put Wa igideato aout hight aondi tro whi ut d oi ba ft. t'* prutte ctor youve
obscI.~btstel aetaiy n al ln inoudhvtobdetd height control ad ther piowotof hsn liud be erk 1it.
tvet, dor anyting. !,se rcn l Iith thei aircaft muc th ith heh conletolven. I t oud itaai th rae thcre-
fuleinopetly an iiata nyal o ete Controwll ane lstabishe bortiSO ft reqired petie~ n trlol

toied faironoun bt oaf niring ofue hiet control. alihe es a. Sol o waytin loke gaontd; athIted bou
star1 bt th is~nuvr tzoo a irs.~uto ot I did thio, theratudchne artterero Iid'to rasey thikth ai.c AIec

costier olletv Alway s o 0 nf,Idv b t ftia. e ft d abld ultaot aver to0 ft. A i~r tat aorun Itin
sqriui tae repset contro ally an'twoul ha W beto sit neotidt hih ono ind ehrecion.d beera~l
tieot do Entiallse it had aaircrafut. of oonibais~ on heigh)t> control alith rtouer Lae extons ate ahs

fiaatio fcptehig a nabouta5t. lofrol h w oi l 50 fo t n a cone shtonot qing d fopC eerat cwver

hegtcnrlwsaot±0f.Required renal faiount of monitoring. ohegtcnrlTebstIouddn'stochoosetany alttud aboutiit0
to11 tt tis too a he r amont rfeobl. CoI do all o the ranuverz. reanbl wll. iisWcsr d tha e e
rnurc werei and lare omitdegangvars I hae toccunrtredI theehtan ldtte toere arenll becausne ighul

tendt Always shoti for !en ft, buta these lare 1 opblie it nt. avoaeto 10ct.onAi ftaxiawoud eth
hieht n t control s l cealyv like' to ad. it x be-t Faorble moaturon I tahian. eerfcttati

spt fheight control abu !as ftf abuie dolnuvr reasonalebmont f welnoig l hoeaycnr!sniiiy

.,tbl an~ptd hld derea eleiesnablfa. Could top andcl t -ovra the cometsar r easonably well, lrcedinth

Control sensitivity - Finally &coe this one, which in a little lover gain than would have really liked from
staa~point of initial rospontc. With hirgher sensitivitiesn, got into other little problems ,ike a tendency to
overc&.Lzol, soze, ro I finally backed off. Taxi aroud the square response to inputs w.as fair. Ability to
althogh, aga!in It takes fairly large and rapidi Inputv to stop. It does take fuirly larpe pitch and roll atti-
tudes; the bank alngles arZ' usaal1v lis; than ' des a10 In pitch less; thili dor., However, vat able to maintain
groind -track quite well and no problem In holding heading, Iecauce you just keep your feet off the rudders In
effect, and the-frIctin~holdo It cihce you establish that you have rio rate of turn. AltItude control - Spent zorto
time on It; could raintain altitude If I vented to within 55 ft for normal maneuvering. Not true when I went into
large amplitude, very rapid or at. least attempted to nahe very rapid Inputs to establish higher rates. Hero
helght control problem lecome a little moe obvious. Quick stops - '_ould -stop quickly but, consideoring that rAtee
are fairly low, the attitude charges appeared to to fairly hich. Jo attitude :control ioern t seen to be much of a
problem; height control a little bit of a prollo eiieyntcal ta o oky ' pn retien
it. Pa ntoeana hold turn rates withount probltzn can ztop en preselected b'adinef even at vcr* highi rates.
Didn't usi-any of the wing tilt, cotrol. Freolion hover - Vertical landing - War atle to mrals-n aintain
pre'.ile Lover quitc, well, a little tkidleriteb tat not really too bad; could generally stay vell within the 7-ft
square. 'The dyu-imica of one %%Ir did not tdffect the evaluation of another. Cvciall evaluation - fIomewbal ollecc
tienable feature was that yon hhave, to look at the height control, but it really wasn't that bit, a 1eatau'c. Vfs
rcaocQ xv noairft.d that I co'ald roet =re criterion of ! ft. but to do that It requires roybe a Ift-le rore time
and crest reference than is d-sirable. Favorable features - Tha fact that I can 10 all the nnsvcr With c'asen-
able precision In a fairly good way. Nlo rpeeial piloting techique.

Control 2=nsibytips - Alded ittl. onnitiviry. It cek=0d to be a little eter. I wo-uld say gene-allyv this
-; wae a fair confleuraticn. Air barb - l prcecsion of control Is, still not reall ar gee-I as 1 would like it.

IAe fcall se nsitivity chane helped tore. Stll eet the feeling theore are appreoiable lags frow collective Input
and in, stopping the-ratei of descent or rates of cl.Ldt, can 1,1n0 a fairly well ctabilized oltitud, with scoe
effort, It takes several pover input' an-1 corr& nekib V tveen tie' dioplay end altizetor to find It. After a
chile you noor1. of roshoanieally put the peower in and rgee rae cf derscat. ic ge-t the ratet ',f ltrsent under
control, y,,4e sxa a fairly l.irgo Input aid then bold It for , Orond 0r tvo and take 14arl of It out apgain ash
then crnss-chek th. altimeter Man dlcplay. It noened tno that rAybe I t/scc It about or hirh as I would like
to nec or like to go with thic thing Vet kllve v had a, alr14v hiewn rate of des~cent. golng and pot down to about
1i ft en the altirlefv. Was wcndering Wiether I would Le asle- to stop the rae ,f dccent before toulchine down.
Touchdowin is atout )5 ft. I still think the, is c Il:ot~tehr.I' rbbl obhto fUi
thrust avolable plus acroayrwn ic dampin and ar~i~ldampilar. I can't differentiate; Wte a conoination, I
thirk. Ac fir sa, heiplit control is concrrn'ui, you nl 'rd o # fair .10' of fligthe airplane. Y,-o rogt ode-
quate perfnronano; 0o it satisfaictory without Mnrvnnlbaybo you Lave 'rote rmoderate pilot cpnsinato
get the :preclsion. you 'nat, Thcrease again lin-i-u to bnow feLt you can go up ans down wds still be able to rontrol
tho rats of ellzb or the rate of desAcent. Pracdeioa of control, aeaizn, dossc t Lka a certain amount of pilot ert

to get tee proper p-ower sett-.g, to frequoroy of collective Input In nAybe a little higher than, yout would like.
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J "TABLE D-T.(b) (Continued)

Case r" 7
v-<'0  

zv -3.35 T lJ 1.1r, 26

Te hover perforrnorce was rusonszblo. Tried quite a ft- control senrIvi ties. f was havinr cone lang in height
control response to collecti''e whi&h 1 could improve by increasinC the critivity. I had a tendency to ther
6verceontrol, so I went back toward the lo.:er sensitivity. I.ias.nit too.hap with tie precisou ol hcight control.
sd to spcnd a fair mount of t6no at it and alrort Invarimbly when I did I hd trouble tryir to maintain r-
oslticn over the --pot. Hlcpver, it was not really that horrendous. It we.a one of those c-nfi'uratkns that, if

the -t-cs-of change in hciht vro kept to a low level, I van able toestablich a steady-state helcht reaerably
je l, but again with quite a ruber-of collective inputs. At the higner rates, did-overccntrol quite a bit. When

I reduced rates to fairly low levels, =arbe a hala-ftoo per second or scmethtilr. in that order, it gets reasonible
s far as prec.1cin, with come ei 'ort ou.maybe cmn esmbltsh a hver height saout ±5 ft. It's certainly control-

lable. I-can get adequate perform'neewilth tolerablt vorkload. lwould thinkyou should irprove this rone; I
-an't-too-happy with the precisizs-of control onl because it took quite a bit of offort, a lot of collective
Inputs to finally establish a stewie-state h6ver heighl.. £ wouitV probably think it'rat leasr a moderate co en-
ration reqaLred. I'm not real rut whether I ra6nl ct. af thrust. Had the feceling that posslbly at the higher
rate- it took a larec amount of colledtivc to stop the ,&to of rlik.

case C,1 71a - Z's " -0-." Tk 1.05 76, -3-N m - 6

Selection of the geailr4 was predicated prhmarily on reducinf overcontrol tendencies. En-led up I tbink with the
minir= gearing available. I IAd gone up fairly high wilth it,; ho.ever, there is a very strong terd.mny to over-
control, so I war going up and down like a yo-yo 3,.- a while. I was :pending a fair arcunt of ime on the height
control when I was trying to be precise with it; that deteriorated the perf.rrance ,n the X-Y, plane. The oeral
impression il:that it Is not a very good configuraticn. I suspect that it's a damping ll'oblcuprlr.ariiy, but 1
couldn't care leess,whether, it is d=In or the factithat I raj ba lagrs in the~pcr:er appl~carion, or that there
Is a lacW, of excess tbrst avallable. The end remit is'the rar.e. Tbe precision of height control is Just not
there. i could pita ly land it as long it I can ibeol-he rater. dwn. Heve to w k pretty hsrd,,though, to
establIsh exactly 20 ft or exactlyL0 ft wlthini .ay, * ft; that's a-fairly diffi-ilt task. IR does wirraiit
imprrvL-ent; it har very objectionable but tol.rable deficiencies. Adequate perfarm-nce recuires extensive pilot
c**penmatcn.

nace ror 7w.a 7 -0.175 7,1,; 1.05 28, - 1.51 IRi 5.'

I didn't change the onsitivltles on collective, just accepted wat I had, r,.nly vecause it se-med adequtatc. I
did a little better in hover, but V'n st!. having tough tirm flingw loneit-,inal and lateral 0oles no I coneen-
trated more on the h vcr in Lmauating the he.ght crtrol. It's, a rvatter of rates, i thlnk. ii I keep t'efraten
ri.asonably low. I have sce precision. If I try to speed up the reoponse, 'n wvay oehind the airplane in tiyine
to recoiier it. I tbinkvte objectionatlc features are tne leal tinc requized in stoppinr the motion once you get
it .sodg, the lag in gettlng So.e noticeable movement whenyou max., the Input and the fact that the precision of
contol In all a.xes wa ,riathor peor. If I net up nigh rates of .lescent and-hig rates of clibrl, then the preci-
sion Just e't there. You Pot an overshoo of at least 10 ft or rore iu the climb dircction. i's a little -oco
hesitant to allow i. to drop bela 0 't co I tend to rake sharper? faster, larger inputs when the rate of de.eent
is fairly high and "'m approachirn PO ft. t'e llne b'aw-bag .onrol, yosu .ist put it Itn and say take reese of It
out becaue you know you prcbtbly have ovur-entrolled. Wit, it is controllable. ,dequatc performance with a
tolcrablo workload? Not if you're talking about the verall tagk.

Cas( e 01 ywa Nr -0--5 T/11 , 1.05 ZS, 1.51 PD

It I. still not very good, but I r"anaged to hover -. times rIist thin the P.quaro, which in prtty ,'oat, Th
sa-Pc things iother -re In longitudinal and lateral control: the las, the turbulence, posibly tie ,earinlr it
$nvolved in there alo. On the preclcInn of vertical control, I was able to go lovn to 20 ft and hold it there
while I attmpted to-do sce raneuvers, went back ut to 1.0 ft and hit it fairly well. for leri eriois of tire
t! e hig ht rentrol required n~o attention. Also attempted some high rates of descent and elite.. The tme that I
have to concentrate on the hcight control is fairly ellnLial. Preciclon of height control was pretty , co sId toe
fact that you can pretty much set the collective and the he iht eta:vs fairly close to where you put it, certainlywithin the 5 It; that's pretty good. It recued that there was always senewtiat of a lag, but I think that'r Pr6b-

ably-built Int, the altimeter. Po sibly cone of this hunting for the psr-par colleetlve posrizonrmy be caued by
that lia in the altimeter. Only minor or nlnL-a pilot coupensation required.

C-"Case 19 " , -0.05 T/W 1.10 b 5.11., pr , 7.5

I played Pround wltn the collective nensitivity quite a bit and vaa not able to find anything I liked. AV I
Increased the. cwritivity, I overeontrolled ,cry badly. I had staxted outwith the sensitivity to the ninstmm
posit on on the lever anu went up Just a little, but that Itve rao all kinds of troible. I picked romethii
halfay between. ( was still having tizobles so I finally settled on having inimrm sensitivity and that still
gave r the came kinda -of problems I had onthe previous configuration (CHll) eycept more accentuated. To Cet
the thn coving- it etjis to take quite a hiM of thrst; once you get it roving, thowgh, to stop it taues quite a
bit of collective change co i suspect we have rcm degradation in the hoight ,lamping, plus the fact that possibly
we have low 6xcess thrust available for height control. tnd result !s that 1erfo-rlance on the tasks, longitudinal
and lateral, was quite bad. Didn't even try the lateral dlsplAcements; was having enough trouble with pitch.
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TABLE n-II(b) (Concluded)

Vsed a good porti c of ci just tryir to keep the alrp.ae at proper ultitude or at least saying to stay close
to the ^0 ft or 40 ft altitude. i uas overshooting at least 10 ft. lia-' a tendency to fly tighter whe V'm
goir den, tan when I'm going up. Main objection 'as thrt £ did not have precision of height control. I think
there were tres %hen I did =nae to have the power lever Juet about right but then every tine you raneuvcr the
airplane to some extent you do have quite a bit of sctivity with the collective.

C:e C110 Z a t Z €.c -0.1 ' Tfld 1.10 za, ,- 1.51 PR - 5

Sie iitial control senaittvlty on the collective was a little bigh and I overcontroled very badly, -to I cut the
senslzivity dm same. Was having rore problems with hover than anything else on this confIuration. ietcC. to
be substantial lead required both :n pitch and roil but it's more obvious in the pitch aPis. The dynanios Are
also a problem. I had to cake reasonable nnr-ber of collective inputs to maintain 4o ft. However, it emed tc be
a reasonable task. On the other hand, when I started to make climbs and descents to about P0 ft and back ur to
4O ft, stli had a tendency to overcontrol with the collective because there seemed to be a lack of thrust or
there ua a lag In the respouce of the thrust; either way You would gen the sme effect. Overall perforraince of
tha tasks war quite poor, especially the hover; I really had trouble with that. At 3cng as I did things at
reaonably low rates, I could marage to do the task. If 1 tried to push the airplane and force it to respond at
higher rates, then everything seemed to go to pot. I don't really think I could do a quick stop with this thing
too well. I didn't try cUV turns over the spot. Precision of hover, I thought, was quite poor and I hd dlffl-
culty in establishir reasonable rates of descent and climbs so I could stop the helght exactly where i wanted it.
I think it was probably adcquate for vertical landnrg as fa as height control vat concerned, but I'm not too sure
about being able to hit a jpc with any dcgree of precisicn. Control activity was quite large; I wan continuously
zmaing inputb. vrall, there wasn't anything I particiiIarly liked about tt, but I th , Jht it was flyable wit', a
fairly large anount of ef:'ort. It takes Wuite a bit of concentration.

Case O1 
T
Ma rZwac -0.175 T/W u 1.10 Zc = E.30 PR D 3

Don't have the feeling I have very precise control of the aircraft; however, I =-nged to keep reasonable control,
It'. Just concentrating on height control that's a problem. Dy using loo rates for take-off and charging altitude
by 20 ft fro 40 ft to 0 ft and tack to .o ft, did seen to have reasonable precision within about I or 1 Pt.
Howrdever, I did lo a couple of maneuvers where i ,ncrea-ed the rates fairlv hig) and did have come overshoot pr,-
lez. Got the impression that it was because I xeeded nore collective dlsplacemcnt thar I would normally llke to
use; it seexed I %as using quite a bit of power. The excess power available in not as much at t would like. I
don't tIink it wa& a.sociated vitb doadpissg per e becauc generally I could stabilize pretty well at Lo ft end
20 ft with j3st a naaerate amount of huncrin. Vbjectionable feature - I think it we- just at the hieher rates; too
rich collective uisplacement was required. Favorable features were that, by keepir the rater reasonably slaw, I
was able to hevo pretty precis" control of altitude. No spocial piloting techniques except that, because of lagn
In the latera l and logitudinal dynamtes, you have to lead tht power apolication if your rates of descent or rate
of clirb get too high. it's hard to -ay exactly what those rates are, but if you're going to change 20 ft in more
than %bout 30 nec, then you r.y cet into come power applicatlon probleno,-. I suspect it was probably lack of rof
ficlent exces thrust available Por control.
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APPENDIX E

COI.TROL-MONMIT EXCEEDIANCE PLOTS FOR

THE NNEUVERING SUJBjPZK

Pi'tch, roll, yaw snd height control power exceedance .data computed for a
range of reference moment levels axe contained in this Appendix. Initially,
exceedance plots are present for pitch, rol and combined pitch and roll

control moment data measured during the maneuvering subtask. The effects of
turbulence intensity, aircraft speed stability and drag paxameter, level of
aircraft pitch and roll dynamics, control lags, rate and control coupling,
and indeuendent thrust-vector control can be seen in these exc3edance data.

The change in thrust-usage exceeJance values with height veloeity damping
are presented next, and the final figure in this Appendix contains the yaw
control-moment-usage exceedance results. In general, the effects of the
different parameters examined on control-powier usage, as defined by the
exceedance data in this Appendix, are consistent with the effects noted
(for the maneuvering subtask) by comparing the 5-percent exceedance levels.
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APPEDDI F

ADDITIONAI, DMIAILS OF TIE UARL FLIGHT SMIATION

This Appendix is a supplemenft to the description of the UARL flight
sixmlation contained in this report (Section II.B). Details of the eqations
used to represent V/STOI. aircraift motion in hovering and low-speed flight
are discussed initially, here, M.e characteristics of the flight simulator
con:'ols are detailed nextu and the motion washout logic is described in the
final section of this Appendix.

A. Eqations of Motion

The general form of the six-degree-of-freedom perturbation equations of
motion for V/STOL hovering nnd low-speed flight are give.- in Eq. (F-l).

MuU + M 0 + Iqq - q = MMae i (Ug + Um cost/1)

rv + L + - L 8 a -v M sinih

N*vV + Irr - r = - Nt3i. (v( - Um sin)o

XUu - qw 4 rv - g (sin0+ sinY) - - - Xu (Ug. + Um cos)- X8 e

Yvv - ru + lnw + g sink cos(O+Y) - 4= - Yv (vg - Um sin*)- Yaaa (F-i)

iw - pv + qu + g(.l. -Ockoso - cosicosy) -ZacaC

=0.087 TS

-=q cos@ - r sin/

= p + q s-inftan0 + r cos*tanO

=i (q sin4+ r cosO) sec0

The various terms and symbols are described in the List of Symbols. The
equations are for a body axis coordinate system and have been normalized
ith aircraft mass and moments of inertia. Stability derivatives on the

left side of the equations describe the aerodynamic, propulsive and sta-
bility augmentation forces and moments. Terms on the right side describe
the forces and moments induced by control inputs, the simulated turbulence
and the mean wind. With the exception of Nv, the derivatives which couple
motion between axes have generally been assumed to be negligible. However,

Preceding page blank
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pitch and roll rate coupling and control coupling were exmined in one of
the longitudinal and lateral control studies (Sections Ii.A.l.. and
III.A.5.). For this investigation the terms Tp and Lqo were added to the
left side of the pitch and roll moment eqaations, respectively, and the
terms M0a8 a and were added to the right side of these respective equa-

tions. Also, 1t should be noted that the mean wJind, Um, was from 000 degrees
true and it the.refore affected the lateral and directional forces and mc.ments,
especially during the ±180 deg turn sabtask. Finally, the relationship for

Y describes the rate-comnand, thtimb-switch control characteristic for the
thrust-vector angle, Y i The parameter TS was either 0 or ±1 and, consequently,
the pilot could command a 5 deg/sec rate-of-change of thrust-vector angle
(kor wing-tilt angla) to trim the effects of the mean wind acting on the air-
craft longitudinal drag parameter. For the study of independent thrust-
vector control the rate-of-change of thrust-vector angle was treated as a
parameter (Section III.A.6.).

B. Characteristics of the Flight Simulator Controls

A conventionsl floor-mounted control stick (,he cyclic pitch control

stick of the S-61) .,ras used for attitude control. it was used without a
force gradient and the *nherent friction present was negligible. The full
longitudinal and lateral travels of the control stick were ± 6.63 in. and
±6.50 in., respectively. For height control, a conventional, floor-mounted
helicopter-type collective control with adjustable fricticn was used
(7.5 in. total travel). The rudder pedals (±3.2 in. total travel) for
yaw control did not have a force gradient and the inherent friction was
negligible. an on-off thimftm-switch control was also used to coitmand a
fixcd rate-of-change of thrust-vector angle (5 deg/sec). For the study of
independent-thrust-vector coatrol (Section III.A.6.) different commanded
rates-of-change were considered. Also, for one part of that stud the

thumb switch was used to control pitch attitude and the cyclic stick con-
trolled thrust-vector angle (Section III.A.6.).

C. Flight Simulator Motion Washout System

A schematic flow diagram for the motion washout interface between 4.he
simulated V/STOL aircraft motion (from the eqations of motion implemented
on an analog computer) and the coixanded flight simulator motion is shown

in Fig. F-I. This washout system insures that the flight simulator remains
within its motion limits. The chaaacterIstics of the washout system hwe
been tailored as much as possible to the frequency response features of the

human vestibular system (Ref. 11). First-order roll-offs (20 dB/decude)

are used to attenuate the low-frequet.,cy flight simulator attitude motion.
This -off at low frequencies is similar to the frequency response of
the attitude motion sensors in the vestibular system (the sem-circular

canals). Second-order roll-offs axe uned for the translational motion.
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these low-.frequency aicraf~t accelerations are also subtracted from the simui-1
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